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Abstract 
 
Although iron occurs at extremely low concentrations in the world’s oceans, 
it is essential for all living organisms.  It is the limiting nutrient in High Nutrient 
Low Chlorophyll (HNLC) areas of the ocean, and exerts critically important 
influences on levels of atmospheric CO2 and the global carbon cycle.  
Understanding the chemical processes that govern the fluxes and 
biogeochemistry of oceanic iron requires thorough assessment of the aqueous 
physical chemistry of iron and analytical techniques capable of measuring iron 
at sub-nanomolar concentration measurements.  This dissertation extends prior 
work on the physical and analytical chemistry of iron through (a) investigation 
of the complexation of iron by silicate in aqueous solutions, (b) investigation the 
solubility of ferric hydroxide using spectrophotometric procedures over a wide 
range of pH (c) utilization of novel in-situ instrumentation for iron measurements 
in seawater.  
 Previous investigations of ferric iron complexation by silicate ions (SiO(OH)) 
included no measurements at ionic strengths greater than 0.15 molal and 
produced formation constant estimates at zero ionic strength that differed by 
more than a factor of two. In this work ferric silicate formation constants were 
measured at ionic strengths of 0.1, 0.3 and 0.7 molal by ultraviolet absorbance 
spectroscopy.  The dependence of the ferric silicate formation constant on ionic 
 ix 
 
strength at 25 oC, summarized using the Bronsted-Guggenheim-Scatchard 
specific ion interaction (SIT) model, indicated that the ionic strength dependence 
of the ferric silicate formation constant, (written as Si∗β1 = 
[FeSiO(OH)
][H+][Fe][Si(OH)]) can be expressed  as: log Si*β1 =  (-0.125 ± 
0.042) - (2.036 I0.5)/(1+ 1.5I0.5) + (0.588 ± 0.094) I.  The result obtained at zero 
ionic strength is in good agreement with the average result obtained in four 
previous studies, but with a substantially reduced level of uncertainty.  
The solubility of ferric iron in aqueous sodium perchlorate solutions at the 
ionic strength of seawater was determined by use of novel automated 
spectrophotometric procedures.  Two colorimetric measurement chemistries 
were utilized to measure dissolved ferric iron concentrations in equilibrium with 
precipitated amorphous ferric hydroxide over a range of pH between 4.0 and 
12.0.  Soluble iron concentrations decreased from approximately 3.2 micromolar 
at pH 4.0 to subnanomolar levels between pH 7.5 and 9.5, and rose to 
approximately 0.1 micromolar at pH 12.  The results of this investigation were 
in good agreement with solubility results obtained in previous investigations of 
iron solubility in seawater at circumneutral pH, and previous results obtained 
in sodium chloride at high pH, but differed from previous results obtained in 
sodium chloride between pH 7 and pH 9.  In view of the agreement between 
solubility results obtained in seawater and sodium perchlorate (this work) and, 
in contrast, results in sodium chloride that were more than an order of 
magnitude lower than were obtained in seawater and sodium perchlorate, it is 
 x 
 
advisable that further solubility investigations are performed in sodium chloride 
solutions.   
The iron measurement procedures developed for the investigation of ferric 
iron solubility were incorporated in an in situ spectrophotometric instrument.   
The Spectrophometric Elemental Analysis System (SEAS) utilizes long 
pathlength absorbance spectrometry (LPAS) combined with colorimetric 
protocols to achieve the sensitivity required to measure analytes at nanomolar 
concentration levels.  The M-SEAS was initially tested on cruises in the Eastern 
Gulf of Mexico in June 2013 and November 2013.  Due to limited opportunity 
for deployments of M-SEAS during these cruises, iron concentration data was 
obtained from only three casts.  During these casts the heater pressure vessel 
flooded due to a compromised seal, causing the temperature of both channels to 
be strongly affected by ambient seawater.  Further measurements of iron with 
the M-SEAS instrument in profiling mode will require an engineering analysis 
and redesign of the faulty seal.  The international GEOTRACES program has 
stated that an improved understanding of the biogeochemical cycles and large-
scale distributions of trace-elements and isotopes will inform many areas of 
environmental research, from climate science to planning for future global 
change.  As the only instrument currently capable of continuous in situ 
measurements of iron, the M-SEAS instrument should greatly enhance 
capabilities for investigation of iron biogeochemistry.   
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1 Introduction 
 
1.1 Iron in the Ocean 
 
Iron is the most studied trace element in the ocean (Boyd and Ellwood 2010).  
Numerous investigations over the past three decades have advanced the 
understanding of processes controlling the oceanic iron cycle and  have focused 
on the role of iron in primary production (Boyd, Watson et al. 2000),  global 
carbon cycling (Watson, Bakker et al. 2000) and the global distribution of 
dissolved iron in the ocean.  Iron is essential to multiple plant metabolic 
processes including photosynthetic and respiratory electron transport, nitrate 
reduction, chlorophyll synthesis, and detoxification of reactive oxygen species 
(Sunda and Huntsman 1995).  As a micro-nutrient, iron can serve as a limiting 
factor in biological activity, particularly in open ocean waters (Martin and 
Michael Gordon 1988).    Atmospheric CO2 levels have a demonstrated inverse 
relationship with iron rich dust in ice core samples, indicating that oceanic iron 
concentrations have a direct effect on climate (Berner, Oeschger et al. 1980, 
Martin and Michael Gordon 1988, Brown, Landing et al. 2005).  Iron is a major 
constituent of the earth’s crust (Hans Wedepohl 1995) but is present in extremely 
low concentrations in open oceanic waters.  Many factors contribute to the low 
background concentrations of iron, among them the low solubility product (Ksp) 
of iron, biological uptake and scavenging by particles. 
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1.1.1 The Iron Paradox 
 
Iron is classified as a reactive trace metal due to its low concentration in 
seawater relative to its abundance it the earth’s crust. Surface concentrations of 
dissolved iron in remote open ocean waters are often in the range of 0.02 to 0.3 
nmol L-1 (Bruland, Orians et al. 1994).  Trace metals were classified by Whitfield 
and Turner as either nutrient-type or scavenged-type according to their vertical 
oceanic profiles (Whitfield and Turner 1987).   Nutrient type trace metals exhibit 
concentration profiles like those of the major nutrients nitrate, phosphate and 
silicate. As part of the processes associated with primary productivity, these 
nutrients are depleted in surface waters and remineralized into intermediate and 
deep waters.  The major nutrients display differences in the deep waters of the 
world’s oceans where the concentrations in the relatively young Atlantic deep 
waters are substantially less than in the older deep waters of the Pacific 
(Bruland, Orians et al. 1994).  In contrast, scavenged type element 
concentrations are depleted with depth and have concentrations in the deep 
North Pacific less than those observed in the deep waters of the North Atlantic. 
Dissolved iron concentration profiles closely resemble those of the major 
nutrient profiles (Johnson, Gordon et al. 1997) and exhibit a strong correlation 
with nitrate and phosphate at depths greater than 100 meters (Martin, Gordon 
et al. 1989).  Iron has a short residence time (τ) with estimates ranging from 2 
years in surface waters (Landing and Bruland 1987) to 140 years in the deep 
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ocean (Bruland, Orians et al. 1994).  This is in sharp contrast with other reactive 
metals such as zinc (Zn) and cadmium (Cd) that exhibit nutrient type profiles 
(Donat and Bruland 1995) whose residence times are estimated at 3,000 – 6,000 
years and 22,000- 45,000 years in deep water respectively (Bruland, Orians et 
al. 1994).  The short residence time of iron is consistent with other reactive 
elements such as aluminum (Al) and manganese (Mn), τ = 45 – 90 and τ = 20 – 
40 respectively (Bruland, Orians et al. 1994).  However, the nutrient type 
concentration profile of iron also contrasts with those of other highly reactive 
metals such as Al and lead (Pb) whose concentrations exhibit decreasing values 
with depth (Schaule and Patterson 1981, Johnson, Gordon et al. 1997). 
Iron concentration profiles of the deep Pacific and Atlantic reveal that the 
Atlantic deep water iron concentrations (Wu, Boyle et al. 2001, Laës, Blain et al. 
2003, Bergquist, Wu et al. 2007) are slightly higher than those of the deep Pacific 
(Kuma, Isoda et al. 2003, Boyle, Bergquist et al. 2005, Brown, Landing et al. 
2005) and Southern Oceans (Measures and Vink 2001, Tagliabue, Mtshali et al. 
2012).  These deep water inter-basin iron concentrations are inconsistent with 
those of the major nutrients which show pronounced enrichment in the Pacific 
compared to the Atlantic and also inconsistent with the profiles of highly 
scavenged metals whose concentrations in the North Pacific are significantly less 
than in the North Atlantic (Bainbridge 1981, Broecker 1982, Weiss 1983).  
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1.1.2 Iron as a Limiting Element 
 
Early studies of the role of iron in the growth of phytoplankton determined 
that iron supply can limit phytoplankton in high-nitrate, low-chlorophyll (HNLC) 
waters which comprise one-third of the world’s oceans (De Baar, Boyd et al. 
2005).  These studies ushered in an era of mesoscale iron additions to HNLC 
waters to determine whether iron enrichment would produce an increase in 
primary productivity.  Experimental design of these experiments incorporated 
the addition of iron with the conservative tracer SF6 (Watson, Liss et al. 1991).  
Twelve such iron addition experiments were conducted from 1993 to 2005 in 
both tropical and polar waters beginning with the IronEx I experiment in tropical 
HNLC surface waters of the Pacific Ocean (Martin, Tanner et al. 1994), and 
concluding with the FeeP iron and phosphate  enrichment investigation in the 
sub-tropical Atlantic Ocean (Rees, Nightingale et al. 2005).   These studies 
verified that primary production is enhanced by iron enrichment and confirmed 
the fundamental role of iron supply in photosynthesis and other physiological 
processes (Boyd, Jickells et al. 2007).    
1.1.3 Climate Implications 
 
The effect of iron as a control in phytoplankton growth prompted the necessity 
for understanding the biogeochemistry of oceanic iron.  Iron enrichment of HNLC 
waters produced blooms of phytoplankton that resulted in large draw downs in 
nitrate and CO2 concentrations (Coale, Johnson et al. 1996).  This implicates 
iron in the biogeochemical cycling of nitrogen, silicon and carbon and suggests 
 5 
 
that iron is a key contributing factor in the regulation atmospheric CO2 (Sigman 
and Boyle 2000).  Studies of ice cores revealed that atmospheric CO2 
concentrations vary cyclically with variations in glaciation and that the 
abundance of iron rich atmospheric dust contained in the ice cores varies 
inversely with atmospheric CO2 concentration  (Berner, Oeschger et al. 1980, 
Neftel, Oeschger et al. 1982).   Martin hypothesized that the increased iron 
supply stimulated primary productivity, causing a draw down in atmospheric 
CO2 which has the potential to directly affect climate change (Martin 1990).   
1.1.4 Controls on Iron Concentration 
 
Iron distribution in oceanic waters is dependent on its chemistry, sources, 
sinks, cycling and transport processes (Rijkenberg, Laan et al. 2014).  An 
important control of dissolved iron (dFe) concentrations is dissolved oxygen (De 
Baar, de Jong et al. 1999).  In areas of high dissolved oxygen concentrations that 
are found in most of the ocean, iron concentrations are usually very low, on the 
order of 0.02 – 0.04 nmol L-1, while at the oxygen minimum depth the iron 
concentration increases to 2.0 nM (Landing and Bruland 1987).  In sub-oxic and 
anoxic enclosed basins, iron concentrations can reach 3000 nmol L-1 (Shokes, 
Trabant et al. 1977, Saager, Schijf et al. 1993). In pore waters of marine 
sediments, 300 µmol L-1 concentrations have been observed (Canfield 1989), and 
the hot reducing environments of hydrothermal vents may contain as much as 
3 mmol L-1  dissolved iron (Von Damm 1995).   
 6 
 
Iron occurs in two oxidation states: ferric (FeIII) and ferrous (FeII).  In the 
modern oxygenated ocean FeIII is the thermodynamically favored iron species and 
at typical seawater pH FeIII forms various oxyhydroxide complexes of low 
solubility (Liu and Millero 1999).  Dissolved iron is operationally defined by 
filtration  as either dissolved (< 0.4 µm filter) (Wu, Boyle et al. 2001) or soluble 
(<0.02 µm filter) (Cullen, Bergquist et al. 2006).  Recent studies have shown  that 
a significant component of dFe is colloidal iron which accounts for up to fifty 
percent of the organic iron complexes found in the ocean (Bergquist, Wu et al. 
2007, Boye, Nishioka et al. 2010).  Colloidal iron is important in both the 
bioavailable iron pool in the upper ocean (Buck, Lohan et al. 2007) and in 
processes that scavenge iron from the dFe pool (Wu, Boyle et al. 2001).  It is also 
known that increased iron solubility can be attributed to complexation by iron 
binding organic ligands (Kuma, Nishioka et al. 1996, Boye, Van den Berg et al. 
2001).  Organic complexation has been categorized into two categories based on 
distinct classes of iron binding ligands (Rue and Bruland 1995, Buck and 
Bruland 2007).  Vertical profiles of these ligands show that the stronger binding 
ligands (L1) occur in the upper ocean and are important in control of bio-
availability of iron while weaker but more abundant iron binding ligands (L2) are 
found in the deep ocean (Rue and Bruland 1995) and may govern the scavenging 
of iron.  Evidence suggests that the L1 class of ligands may be composed largely 
of siderophores, low molecular weight compounds with very high Fe3+ affinity 
(Reid and Butler 1991, Macrellis, Trick et al. 2001).  The L2 ligand class may 
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largely be produced by degradation of organic matter (Rue and Bruland 1995, 
Wu, Boyle et al. 2001). 
1.1.5 Iron Supply, Distribution and Sinks 
 
Aeolian dust input represents the major source of iron to open ocean waters 
(Duce and Tindale 1991).  It has been shown that even large grain particulate 
dust is transported over great distances (Betzer, Carder et al. 1988, Middleton, 
Betzer et al. 2001).  Dust originating in the Saharan desert reaches the western 
North Atlantic Ocean (Jickells, An et al. 2005) while the western South Atlantic 
Ocean receives dust from Patagonia (Gassó and Stein 2007).  In the Pacific the 
highest concentrations of dust input occur in the mid to high latitudes (Uematsu, 
Duce et al. 1983).  The deposition of iron rich dust revealed an increase in 
dissolved surface iron concentrations on the West Florida Shelf (Lenes, Darrow 
et al. 2001) and an increase in primary productivity in the North Pacific Ocean 
(Young, Carder et al. 1991).  Wet deposition is also responsible for significant 
oceanic iron input.  In rainwater, both photochemical reduction of FeIII to FeII 
(Kieber, Hardison et al. 2003) and the redox chemistry of iron (Kieber, Williams 
et al. 2001) produce the more soluble form of iron, FeII.  This has implications in 
primary productivity, since the availability of iron to phytoplankton for cellular 
growth largely depends on solubility (Morel, Hudson et al. 1991). 
A major source of dissolved iron to the deep open ocean is the mobilization of 
iron from reductive marine sediment environments where dFe concentrations of 
10-100 µmol L-1 can be three to four orders of magnitude higher than 
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concentrations in the overlying seawater (1-10 nmol L-1) (Canfield 1989, Elrod, 
Berelson et al. 2004).  Input from hydrothermal vents is another significant 
source of iron to the deep ocean (Nishioka, Obata et al. 2013) and has the 
potential to distribute iron over a large area (Carazzo, Jellinek et al. 2013).   
Other significant iron inputs to the oceanic iron supply are upwelling from 
deep iron-rich waters, especially in the Southern Ocean (De Baar, De Jong et al. 
1995), river run-off (Wetz, Hales et al. 2006) and, in  polar waters, glacial ice melt 
(Statham, Skidmore et al. 2008).  More recently mesoscale eddy systems have 
been shown to transport iron-rich coastal waters to  oceanic waters (Keith 
Johnson, Miller et al. 2005).  In surface waters biological uptake has been shown 
to decrease concentrations in the dFe pool (Kitayama, Kuma et al. 2009).  At 
depths of 50 - 2000 meters remineralization of organic matter is the dominant 
source of dFe (Boyd, Ibisanmi et al. 2010, Rijkenberg, Steigenberger et al. 2012) 
as sinking organic matter decomposes.   
Below 2000 meters the removal process of iron by scavenging onto particles 
exceeds the iron supply mechanisms of the upper and deep ocean resulting in 
significantly lower deep water iron concentrations that those found in surface 
and intermediate depths (Klunder, Laan et al. 2011).   
1.2 Measuring Iron 
 
1.2.1 Overview 
 
Trace metal analysis of seawater is particularly difficult since the 
concentration of the major ions in the seawater matrix can be 109 – 1010 times 
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the concentration of trace metal analytes (Lohan, Aguilar-Islas et al. 2005).  
Accurate measurement of seawater concentrations of iron requires analytical 
techniques capable of sub-nanomolar detection limits. Further complicating 
accurate measurement is the significant environmental presence of iron, 
increasing the likelihood of sample contamination.  Illustrating the uncertainties 
in measuring iron in the ocean, reported iron concentrations in global ocean 
waters  vary by several orders of magnitude (Turner and Hunter 2001).   
Requirements for accurate iron measurement include rapid sample analysis 
(particularly in redox speciation analysis), ultra-clean material handling 
protocols, and extreme care in the sampling process to minimize contamination.  
To date the principal sampling methods have included:  
1) Discrete sampling using bottles, etc. 
2) Pumping systems to deliver seawater to shipboard analysis systems. 
3) Remote collection using small watercraft to distance collection sites from 
the ship 
4) Use of a towed device – e.g. torpedo fish. 
 
Samplers or bottles provide sites for adsorption of dissolved or colloidal iron 
onto their interior surfaces.  The intake to pumping systems is likely to produce 
sample contamination if critical care is not taken to insure that all surfaces of 
the delivery system meet trace metal clean requirements.  Additionally filtration 
material may also provide the possibility of contamination.   
The main analytical techniques for iron measurement in seawater are: 
1) Atomic spectrometry 
2) Stripping voltammetry 
3) Chemiluminescence 
4) Spectrophotometry 
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1.2.2 Atomic Spectrometry 
 
Atomic spectrometry was the preferred method of iron measurement during 
the 1970s (Spencer, Robertson et al. 1970).  These methods used in-line sample 
pre-concentration or chelating columns and had a high cost of purchase and 
operation.  Due to size, weight and fragility these methods are unsuitable for 
shipboard operation and are more frequently used to verify shipboard iron 
measurement. 
1.2.3 Stripping Voltammetry 
 
Stripping voltammetry utilizes two methods, cathodic stripping voltammetry 
(CSV) and anodic stripping voltammetry (ASV), to measure trace metal-organic 
ligand complexes with sub-nanomolar detection limits.  (Aldrich and van den 
Berg 1998, Croot and Johansson 2000).  Stripping voltammetry methods can be 
used to determine redox speciation (Gledhill and van den Berg 1994).  
Advantages of CSV and ASV systems are low-cost, and compact and portable 
instrumentation.  Major disadvantages include shipboard conditions that are 
unsuitable for optimal operation of voltammetry systems. 
1.2.4 Chemiluminescence 
 
Chemiluminescence methods are the most recently developed techniques for 
iron measurement (De Jong, Den Das et al. 1998).  These techniques monitor 
electromagnetic radiation (light) produced by chemical reactions and are capable 
of redox speciation.  These methods have sub-nanomolar detection limits (Bowie, 
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Achterberg et al. 1998) and typically use flow-injection (Elrod, Johnson et al. 
1991) and sample pre-concentration (Hirata, Yoshihara et al. 1999).  
Chemiluminescence systems are low-cost, robust and capable of adaptation to 
ship-board use. 
1.2.5 Spectrophotometry 
 
There are two methods of iron measurement utilizing spectrophotometry - 
derivative and catalytic measurement methods.  Derivative methods use selective 
ligands to create iron-ligand complexes that have a high molar absorptivity, 
where absorbance measurements determine the concentration of iron.  Catalytic 
methods are based on the ability of iron to catalyze reactions that can be 
monitored spectrophotometrically.  Spectrophotometric methods were used for 
the first iron measurements in seawater (Thompson and Bremner 1935, 
Rakestraw, Mahncke et al. 1936).   
The earliest use of selective ligands in derivative methods did not achieve 
detection of picomolar concentrations of iron in seawater (Cooper 1935).  
Improvements including in-line chelating columns for pre-concentration and use 
of ligands with greater molar absorptivity further reduced the detection limits of 
iron (Landing, Haraldsson et al. 1986).  The use of ferrozine as a reagent allowed 
for detection limits appropriate for coastal seawater analysis of iron 
concentrations (Blain and Treguer 1995). 
A catalytic method that monitored the effect of FeIII as a catalyst in the 
oxidation of N,N-dimethyl-p-phenylenediamine dihyochloride (DPD) by hydrogen 
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peroxide in weakly acidic media was developed by Hirayama and Unohara 
(Hirayama and Unohara 1988).  This method was modified by Measures et al. 
(Measures, Yuan et al. 1995) by incorporating an in-line chelating column for 
the pre-concentration of iron prior to measurement by flow-injection analysis 
(FIA),  and achieved a detection limit of 0.25 nmol L-1.  Weeks and Bruland 
further improved this method to lower the detection limit to 0.016 nmol L-1 
(Weeks and Bruland 2002).     
Major advantages of spectrophotometric methods are low cost, the existence 
of compact equipment, small required sample volumes, low reagent 
consumption, simplified sample handling, reduced contamination risk, and 
increased sample throughput.  The most important advantage is that 
spectrophotometric instrumentation can be adapted for in situ measurement of 
iron (Byrne, Yao et al. 2000). 
1.2.6 Necessity for Developing High Resolution In situ Iron Measurements 
 
Measurement of the ultra-low concentrations of dFe found in oceanic waters 
is foremost in importance for gaining a comprehensive understanding of the 
biogeochemical cycle of iron in the ocean.  The study of iron in the ocean has 
been identified as critical by the international GEOTRACES program, which is 
especially focused on measurements of the distribution of trace elements and 
isotopes in the world’s oceans (Anderson, Henderson et al. 2007). 
Measurement of extremely low concentrations of dFe, as found in the open 
ocean, has a high risk of contamination and requires ultraclean techniques 
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throughout the complete procedure of sampling, sample processing and final 
analysis (De Baar, Timmermans et al. 2008). Due to the need for particularly 
rigorous methods, measurements of dFe are relatively scarce and fragmentary, 
often making interpretation difficult and speculative, and limiting progress in 
our understanding of the biogeochemical cycling of dFe (Rijkenberg, Laan et al. 
2014). 
1.3 Research Rationale 
 
The need for (a) improved characterizations of the chemical speciation of iron 
in seawater, (b) a refined understanding of the processes that control the 
inorganic solubility of inorganically complexed iron, and (c) in situ technology for 
high-resolution measurement of oceanic iron concentrations provided the 
impetus for this dissertation.   
1.4 Dissertation Overview 
 
1.4.1 Chapter 2 - Spectrophometric Investigation of Ferric Silicate 
Complexation 
 
An assessment of the behavior of ferric iron complexation by silicate over a 
wide range of ionic strengths was undertaken to provide a basis for 
understanding the comparative importance of ferric silicate complexation in the 
natural environment.  As of this writing there are no selected values for ferric 
silicate stability constants in the National Institute of Standards and Technology 
(NIST) database of critically selected stability constants of metal complexes. 
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1.4.2 Chapter 3 - FeIII solubility in Aqueous Solutions at the Ionic Strength 
of Seawater 
 
This dissertation work describes the solubility of ferric iron in aqueous 
solutions at the ionic strength of seawater obtained by use of novel automated 
spectrophotometric procedures. The new system has detection limits suitable for 
accurately measurements of iron at subnanomolar concentrations in oceanic 
waters.   
1.4.3 Chapter 4 - Configuration of an In situ Spectrophotometer for 
Continuous Measurements of Iron in Seawater 
 
The iron measurement chemistry developed in Chapter 3 is adapted into an 
instrument developed to obtain continuous iron concentration data in the upper 
oceanic water column.  The M-SEAS sensor described in this work is the latest 
of the Spectrophotometric Elemental Analysis System (SEAS) sensors developed 
at the Center for Ocean Technology at the University of South Florida College of 
Marine Science. 
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2 Spectrophometric Investigation of Ferric Silicate Complexation 
 
2.1 Introduction 
 
A quantitative understanding of iron complexation is crucial to understanding 
the behavior of this important element in natural waters (Johnson, Gordon et al. 
1997).  Although the inorganic speciation of dissolved ferric iron in natural 
waters is generally thought to be dominated by hydroxide complexation, other 
ligands can also contribute significantly to the speciation of iron. Important 
inorganic species of ferric iron in seawater include chloride, fluoride and sulfate 
complexes. However, these species are generally regarded as important relative 
to hydroxide complexes only at low pH. Other species of potential importance 
within the natural pH range of seawater, but which have not been widely 
investigated, include both ferric phosphate and ferric silicate complexes.  
Silica influences both ferric iron hydrolysis and precipitation behavior 
(Schenk and Weber Jr 1968) (Anderson and Benjamin 1985).  Silicic acid, 
Si(OH)4,  is  a major component of natural waters and complexation of iron by 
SiO(OH)3- has the potential to substantially affect iron speciation and 
environmental behavior.   
Quantitative aspects of iron complexation by silicate species have been 
limited to four previous works; absorbance measurements at I = 0.1, t = 25 °C 
by Weber and Stumm, (Weber Jr and Stumm 1965) and Porter and Weber (Porter 
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and Weber Jr 1971), spectrophotometric analyses at I = 0.1, t = 25 °C and 
polargraphy at I = 0.15, t = 25 °C by Olson and O’Melia (Olson and O'Melia 1973) 
and determination of amorphous silica solubility at I < 0.08, t = 22 °C by Reardon 
(Reardon 1979).  None of these works was conducted at an ionic strength greater 
than 0.15 mol/kg, and quantitative interpretation of these four works by 
Hummel et al. (2012) led to a best-estimate formation constant for FeSiO(OH)32+ 
at zero ionic strength that was uncertain by a factor of two. 
This study assesses the behavior of ferric complexation by silicate using 
procedures that were not available when earlier investigations of ferric silicate 
complexation were conducted.  My work constitutes the first investigation of 
ferric silicate complexation over a broad range of ionic strengths, and thereby 
provides a basis for assessing the importance of ferric silicate complexation over 
a wide range of conditions in the natural environment. 
2.2 Theory 
 
2.2.1 Complexation of Ferric Iron by Silicic Acid 
 
Equilibria between free ferric iron and its hydrolysis products are expressed 
in terms of formation constants that relate hydrogen ion concentrations to the 
relative concentrations of dissolved iron species.  The first two iron hydrolysis 
equilibria can be expressed as 
Fe +	HO	 ⟷	FeOH +	H and (1) 
Fe + 	2HO	 ⟷	Fe(OH)
 + 	2H (2) 
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The first complexation step for reactions between ferric iron and aqueous silicic 
acid is described by 
Fe +	Si(OH)
 ⟷	FeSiO(OH)
 +	H (3) 
The formation constants appropriate to the above reactions are expressed as 
∗β1  =  
[]	[]
[]
  (4) 
∗β2  =  
[()
]	[]
[]
  (5) 
Si
∗β1  =  
[()
][]
[][() 
!]
 (6) 
Square brackets denote the solution concentrations of dissolved species.  All 
concentrations in this work are expressed as moles per kilogram (mol/kg) of 
water.  All measurements in this work were performed at 25 °C and 1 atm total 
pressure. The formation constants shown in equations, 4 - 6 can be evaluated 
by monitoring the relative concentrations of Fe , FeOH , Fe(OH)
  and 
FeSiO(OH)
 by ultraviolet spectroscopy over a range of pH. 
Beer’s law relates the concentration of a specific chemical species to its 
absorbance at a given wavelength: 
iAλ = l  iελ [i]   (7) 
where iAλ is the absorbance of iron species i at wavelength λ, l is the pathlength 
of the spectrophotrometric cell, iελ is the absorbance per molal centimeter of 
species i at wavelength λ, and [i] is the concentration in M/kg of a given chemical 
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species i.  The pathlength, l, for all measurements in this investigation was 10 
centimeters.  For wavelength λ the absorbance Aλ is the sum of the absorbances 
of all iron species in solution 
#$

 = 0ελ [Fe3+] + 1ελ [FeOH2+] + 2ελ [Fe(OH)2+] +Siελ [FeSiO(OH)32+]   (8) 
Solution concentrations of [FeOH]  and [Fe(OH)
] can be expressed as follows 	 
[FeOH] = [Fe3+]*β1[H+]-1  (9) 
[Fe(OH)
] = [Fe3+]	∗β2[H+]-2 (10) 
Similarly [FeSiO(OH)
]	can be expressed as 
[FeSiO(OH)
] = [Fe][Si(OH)
]	Si∗β1[H+]-1 (11) 
Substituting (9), (10) and (11) into (8) allows absorbances to be expressed in 
terms of iron stability constants and the free (uncomplexed) concentration of 
dissolved ferric iron. 
%&

 =		0ελ [Fe3+] + 1ελ*β1[Fe3+][H+]-1 + 
2ελ*β2[Fe3+][H+]-2 + Siελ[Si(OH)40] Si*β1 [Fe3+][H+]-1 (12) 
and 
#$

 = [Fe]	( 0ελ + 1ελ*β1[H+]-1 + 2ελ*β2[H+]-2 + [Si(OH)40] Siελ Si*β1[H+]-1 ) (13) 
The total ferric (FeIII)T solution concentrations in this work can be expressed as 
[Fe''']( =	 [Fe] 	+	 [FeOH] + 	[Fe(OH)
] +	 [FeSiO(OH)
]. (14) 
Using (9), (10) and (11), [Fe''']( can be written in terms of the formation constants 
and the hydrogen ion concentration. 
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[FeIII]T = [Fe3+] + [Fe3+]∗β1[H+]-1 + [Fe3+]∗β2[H+]-2 + [Fe3+][Si(OH)40] Si*β1[H+]-1  (15) 
and 
[Fe''']( =	 [Fe]	(	1 +	∗β1 [H] +	∗β2 [H] + [Si(OH)
]Si∗β1[H]		) (16) 
Combining equations (13) and (16), λA can be expressed in a form suitable for 
determination of the stability constants given by equations 4 – 6. 
 
Because analysis of data obtained in the absence of dissolved silicic acid showed 
no significant signal associated with the *β2 terms, (17) could be further 
simplified: 
 
The B1 term in equation (18), 
B1 = ∗β1	+	[*+(,-)
]	Si∗β1,      (19) 
can be rewritten to directly provide the formation constant for ferric iron 
complexation by silicate, 
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2.2.2 The Dependence of Si*β1 on Ionic Strength 
 
The Bronsted-Guggenheim-Scatchard specific ion interaction (SIT) model 
describes the ionic strength dependence of formation constants with the 
following model: 
log β = log β0 + 
.∆012/
(	.512/)	
 + CI (21) 
β0 is the formation constant at I = 0.  S is the Debye-Huckel slope, S = 0.509 at 
t = 25 °C, and ∆z2 is defined as the sum of charge of the products squared minus 
the charge of the reactants squared 
∆z2 = Σ zi2 (products) - zi2 (reactants).  The C term reflects the effects of short 
range non-electrostatic interactions between ions. From equation (3), Fe +
	Si(OH) ⟷	FeSiO(OH)
 +	H,    ∆z2 = -4, and S*∆z2 = -2.036.  For iron silicate 
complexation, equation (22) then becomes 
log Si∗β1 = log Siβ10 - 
.612/
(	.512/)	
 + CI (22) 
This can be rewritten as 
log Si∗β1 + 
.612/
(	.512/)	
	= log Siβ10 + CI (23) 
where the term 
.612/
(	.512/)	
 is referred to as the Debye-Huckel (DH) term.  
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2.2.3 Direct Complexation of Fe3+ by SiO(OH)3- 
 
Direct complexation of Fe3+ by SiO(OH)   is described by the reaction 
Fe +	SiO(OH) ⟷	FeSiO(OH)
		 (24) 
The formation constant appropriate to this reaction is 
Siβ1  =  
[()
]
[][()
7]
   (25) 
The hydrolysis of silicic acid is described by 
Si(OH)
 ⟷	SiO(OH) +	H (26) 
With an equilibrium constant expressed as   
K1  =  
[()
7][]
[() 
!]
   (27) 
Sjöberg et al. (Sjöberg, Hägglund et al. 1983) described the ionic strength 
dependence of  K1 at t = 25° C with the following experimentally derived model.  
log K1 = log K0 + 
.12/
(	12/)	
  - 0.11*I  (28) 
where log K0, the silicic acid dissociation constant in pure water, is given 
(Sjoberg, et al.,1983) as -9.842 ± 0.008. 
To determine Siβ1 equation (6) is divided by equation (27) resulting in  
The equation 25 formation constant can be expressed in terms of equations 11 
and 28 
 Siβ1 = Si*β1 * K1-1 = 
[()
][]
[][() 
!]
 * 
[() 
!]
[()
7][]
 = 
[()
]
[][()
7]
  (29) 
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2.3 Experimental 
 
2.3.1 Materials 
 
All solutions were prepared gravimetrically using 18MΩ ultrapure H2O 
obtained from a Millipore water purification system.  Sodium perchlorate 
(NaClO4) stock solutions were prepared using sodium perchlorate (99% pure) 
from Acros Organics.  Iron perchlorate (Fe(ClO4)3) stock solutions were prepared 
using iron (III) perchlorate hydrate (low chloride) from Sigma-Aldrich.  
Experimental silicic acid solutions were prepared using sodium metasilicate 
nonahydrate (Na2O3Si9H2O, 99% pure) obtained from Sigma-Aldrich.   
Sodium chloride solutions used to verify the Nerstian behavior of the pH 
electrode were prepared with NaCl obtained from Fisher Scientific, and certified 
1N hydrochloric acid was obtained from Sigma-Aldrich. Single point calibration 
standard solutions for the pH electrode were created using the NaClO4 stock 
solution and certified 1N hydrochloric acid obtained from Sigma-Aldrich.  Trace 
metal grade perchloric acid from Fisher Scientific was used to adjust the pH of 
silicic acid experimental solutions.  All solutions were composed and stored in 
Teflon bottles that were cleaned in 8 M nitric acid and rinsed with 18 MΩ 
ultrapure H2O obtained from a Millipore water purification system.  
2.3.2 Methods 
 
Iron silicate complexation was monitored using UV absorbance spectroscopy.  
Solution pH was measured on the free hydrogen ion scale using a Corning pH 
 30 
 
meter (model 130) in the absolute mV mode and an Orion Ross combination pH 
electrode filled with 3 M NaCl.  Nernstian behavior of the pH electrode was 
verified by titration of a 0.7 M NaCl solution with certified 1N HCl.  Immediately 
prior to each experiment a single point calibration of the pH electrode was 
performed utilizing an acidified NaClO4 solution of the same ionic strength as 
the experimental solution.  NaClO4 stock solutions were filtered immediately 
after preparation with Millipore Durapore 0.22 µm vacuum driven bottle top 
filters.  Fe(ClO4)3 stock solutions were acidified to a pH of ~2.8 with trace metal 
grade perchloric acid prior to addition of Fe(ClO4)3 to the experimental solutions.  
All experiments in this work were conducted at 25 oC. 
The  A1 and B1 terms in equation (18) were determined using the Levenberg-
Marquardt (Marquardt 1963) least squares algorithm for all analyses of 
absorbance data.  For wavelengths from 275 nm to 340 nm co-ordinate pairs (aλ, 
[H+]) were fitted using the non-linear global curve fit function in OriginPro 9.0 
software (OriginLab, Northhampton, MA).  This approach produced 66 co-
ordinate pairs per sample at a given pH.  All co-ordinate pairs were used 
simultaneously to evaluate the A1 and B1 terms. 
Baseline absorbance spectra for solutions containing silicate but no iron were 
modelled at wavelengths from 275 – 340 nm using the second degree polynomial 
curve fit function in OriginPro 9.0.  Absorbance values were obtained for pH 
values from 3.80 to 2.10 in increments of 0.02 pH units. 
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2.3.3 Iron Silicate Complexation Experiments 
 
All concentrations and all ionic strengths in this work are expressed as moles 
per kilogram (mol/kg) of water. All error bars are presented as one sigma 
estimates.   For each experiment a solution was created by dilution of a 3.0 
mol/kg sodium perchlorate stock solution to obtain the desired ionic strength.  
Sodium metasillicate nanohydrate was added immediately prior to the 
experiment to create a 5 mmol/kg silicate concentration.  Aliquots of each 
experimental solution were taken subsequent to silicate addition and stored in 
centrifuge tubes at room temperature until measurement of the silicate 
concentrations using ICP-MS.  Trace metal grade HClO4 was used to adjust the 
pH of the experimental solution to an initial pH of approximately 4.00. 
Experimental solutions were then transferred to a custom made open-top quartz 
optical cell maintained at 25.0 ± 0.1 °C by a Fisher Isotemp 2013 water bath.  
Ultraviolet absorbance was monitored at 1 nm intervals using an HP (Agilent) 
8453 spectrophotometer.  A reference (baseline) spectrum (with silicate but no 
added iron) was taken and 1.2 mM/kg Fe(ClO4)3 stock solution was then added 
to create an iron concentration of 6 µM/kg.  An absorbance spectrum was 
recorded and the pH was subsequently lowered by approximately 0.2 pH units.  
This procedure was repeated until a pH of approximately 2.00 was reached, 
resulting in 12 recorded spectra over a range of pH.  Experiments were conducted 
at ionic strengths 0.1 mol/kg, 0.3 mol/kg, 0.7 mol/kg, 1.5 mol/kg, 3.0 mol/kg 
and 6.0 mol/kg. 
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2.3.4 Silicate Baseline Absorbance Experiments 
 
Experiments were conducted to determine baseline absorbance contributions 
in the absence of iron.  The procedure for the iron silicate complexation 
experiments was followed except that no ferric perchlorate stock solution was 
added to the solutions.  Silicate baseline absorbance experiments were 
conducted at ionic strengths 0.1 mol/kg, 0.3 mol/kg, 0.7 mol/kg, 1.5 mol/kg 
and 3.0 mol/kg with Si concentrations equal to those used in the iron 
complexation experiments. 
2.3.5 Iron Hydrolysis Experiments 
 
Experiments were conducted to determine ferric hydroxide hydrolysis constants 
as a means of confirming that the utilized spectrophometric procedures were 
consistent with those used to obtain previous experimentally-determined iron 
hydrolysis constants, *β1.  The procedure used for the iron silicate complexation 
experiments was followed except that no sodium metasilicate nonohydrate was 
added.  The iron hydrolysis experiments were conducted at ionic strengths of 0.1 
mol/kg and 0.7 mol/kg.  No experiments were performed at an ionic strength of 
0.3 mol/kg.  For the calculation of Si*β1 in equation 20, *β1 values were obtained 
from the study of Byrne and Luo (Byrne, Luo et al. 2000). 
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2.4 Results 
 
2.4.1 Silicate Baseline Absorbance 
 
Figure 2.1 (a), (b) and (c) display baseline absorbance spectra for silicate only 
species at ionic strengths of 0.1, 0.3 and 0.7.  As pH decreases, absorbance at 
lower wavelengths, λ < 280 nm, increases significantly for all ionic strengths.  
There is minimal absorbance at wavelengths greater than 280 nm at I = 0.1 and 
0.3.  At I = 0.7 a pronounced increase in absorbance is observed at wavelengths 
greater than 280 nm. 
 
 
Figure 2.1 (a) Silicate Baseline Absorbance Spectra for 
2.10 < pH < 3.10 at I = 0.1 
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Figure 2.1 (b) Silicate Baseline Absorbance Spectra for 
2.10 < pH < 3.10 at I = 0.3 
 
 
 
Figure 2.1 (c) Silicate Baseline Absorbance Spectra for 
2.10 < pH < 3.10 at I = 0.7 
 
 
Modeled silicate baseline absorbances at I = 0.1 are shown in Figure 2.2 over the 
pH range of 2.10 to 3.70.  Baseline absorbance was modeled at intervals of 0.02 
 35 
 
pH units for ionic strengths of 0.1, 0.3 and 0.7.  For clarity, absorbance spectra 
are displayed at increments of 0.06 pH units.   
 
 
Figure 2.2 Modeled Baseline Absorbance 2.10 < pH < 3.70 
2.4.2 Iron Hydrolysis 
 
The hydrolysis constant for ferric hydroxide obtained at I= 0.1 compares 
favorably with the results of the Byrne-Luo investigation that utilized 
potentiometric techniques.   The potentiometric results of Luo and Byrne (2000) 
were obtained over a wide range of ionic strengths.  Table 2.1 summarizes the 
*β1 values obtained from (a) the Byrne-Luo study and (b) this study.   
 
Table 2.1 (a) Iron hydrolysis *β1 values from Byrne-Luo (2000). 
 
I *β1 log *β1 
0.1 2.884E-03 ± 0.0003 -2.540 ± 0.04 
0.3 2.239E-03 ± 0.0001 -2.650 ± 0.02 
0.7 1.820E-03 ± 0.0001 -2.740 ± 0.02 
(a) 
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Table 2.1 (b) Iron hydrolysis *β1 values from this study, t = 25 °C. 
 
I *β1 log *β1 
0.1 2.92E-03 ± 0. 000039 -2.535 ± 0.006 
0.7 1.630E-03 ± 0. 000005 -2.788 ± 0.001 
0.7 1.800E-03 ± 0. 000017 -2.745 ± 0.004 
0.7 2.240E-03 ± 0.000179 -2.650 ± 0.035 
0.7 2.070E-03 ± 0.000036 -2.684 ± 0.008 
(b) 
2.4.3 Ferric Silicate Complexation 
 
Analysis of ferric silicate spectra without corrections for baseline variations 
demonstrated a more coherent behavior than data that were corrected for 
absorbance variations created by silica.  Absorbance spectra that were not 
corrected for baseline variations showed a well-defined isosbestic point for 
samples at pH ≤ 3.10. In contrast, when baseline corrections were applied to the 
absorbance data, no isosbestic points were observed.  
Absorbance spectra obtained for a typical experiment (no baseline 
corrections) are shown in Figure 2.3.  Isosbestic points were not observed in 
Figure 2.3 (a) for pH > 3.10. In contrast, spectra obtained for samples at pH ≤ 
3.10 had a well-defined isosbestic point.  The behavior shown in figure 2.1 for 
pH less than 3.1 is consistent with the absorbance model given by equation 19.  
As such, absorbance data at pH ≤ 3.10 that were uncorrected for variations in 
baseline variations were used for quantitative determinations of formation 
constants.  
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Figure 2.3 (a) Absorbance spectra obtained between pH 2.10 and 3.80 
 
Figure 2.3 (b) Absorbance spectra obtained between pH 2.10 and 3.10 
 
Table 2.2 summarizes the ferric silicate complexation results obtained in this 
study.  B1 incorporates contributions from the first ferric iron hydrolysis 
formation constant ∗β1 and ferric silicate complexation. The Si*β1 shown in the 
table are calculated using equation (20) and the ∗β1 values from Byrne and Luo. 
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Table 2.2 Summary of FeSiO(OH)
 Formation Constants at t = 25 °C 
I [Si] B1 log B1  Si*β1 log Si*β1 
0.1 0.005 ± 0.0003 4.27E-03 ± 0.00002 -2.370 ± 0.002 2.97E-01 ± 0.060 -0.527 ± 0.088 
0.1 0.005 ± 0.0004 4.35E-03 ± 0.00004 -2.362 ± 0.004 3.01E-01 ± 0.060 -0.521 ± 0.086 
0.3 0.005 ± 0.0004 3.60E-03 ± 0.00003 -2.444 ± 0.004 2.98E-01 ± 0.034 -0.525 ± 0.049 
0.3 0.005 ± 0.0003 3.65E-03 ± 0.00004 -2.460 ±0.005 2.94E-01 ± 0.032 -0.531 ± 0.047 
0.7 0.005 ± 0.0003 3.24E-03 ± 0.00003 -2.489 ± 0.003 2.82E-01 ± 0.015 -0.550 ± 0.023 
0.7 0.005 ± 0.0003 3.79E-03 ± 0.00004 -2.421 ± 0.005 3.90E-01 ± 0.021 -0.409 ± 0.024 
 
Figure 2.4 (a) shows that a linear regression of log Si∗β1 + DH vs. I =0.1, 0.3 and 
0.7 yields 
log Si∗β1 + 
.612/
(	.512/)	
	= (-0.125 ± 0.042) + (0.588 ± 0.094) I (30) 
Rearranging equation (30) provides an equation for log Si∗β1 plotted as a function 
of ionic strength as shown in Figure 2.4 (b), resulting in 
log Si*β1 =  (-0.125 ± 0.042) - (2.036 I0.5)/(1+ 1.5I0.5) + (0.588 ± 0.094) I (31) 
  
  
Figure 2.4 (a) SIT plot for Fe +	Si(OH) ⟷	FeSiO(OH)
 +	H 
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Figure 2.4 (b) Ionic Strength Effect on Si*β1 
 
Table 2.3 summarizes the K1 results of Sjoberg et al. (Sjöberg, Hägglund et al. 
1983)  calculated using  equation (28).  
Table 2.3 K1 values for I = 0.1, 0.3 and 0.7, t = 25 °C 
I log K1 K1 
0.10 -9.607 ± 0.0080 2.47 E-10 ± 4.55E-12 
0.30 -9.513 ± 0.0004 3.07 E-10 ± 2.49E-13 
0.70 -9.453 ± 0.0004 3.52 E-10 ± 2.86E-13 
 
Table 2.4 summarizes values for Siβ1 that were calculated using equation (29) 
and K1 values shown in Table 2.3.   
Table 2.4 Calculated Siβ1 Values, t= 25 °C 
I Siβ1 log Siβ1 
0.1 1.203 E+09 9.08 
0.1 1.220 E+09 9.09 
0.3 9.730 E+08 8.99 
0.3 9.594 E+08 8.98 
0.7 8.000 E+08 8.90 
0.7 1.108 E+09 9.04 
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Finally, the intercept of equation 30 (i.e., I = 0) can be combined with the 
Sjoberg et al (1983) silicic acid dissociation constant at zero ionic strength to 
obtain log Siβ1 (I = 0) = 9.72 ± 0.043. This result compares quite favorably with 
the assessment of Hummel et al. (2012), log Siβο1 = 9.7 ± 0.3. 
As a general assessment of log Siβ1 at I = 0, Hummel et al. (2012) calculated 
the un-weighted arithmetic mean of ferric silicate formation constants reported 
by Weber and Stumm (1965): log Siβο1 = 10.0, Porter and Weber (1971): log Siβο1 
= 9.5, Olson and O’Melia (1973): log Siβο1 = 9.6 (spectrophotometric analyses) and 
log Siβο1 = 9.8 (polargraphy), and Reardon (1979): log Siβο1 = 9.8.  The arithmetic 
mean and 1σ error for the average of these values, log Siβο1 (average) = 9.74 ± 
0.195, is in excellent agreement with the value reported in the present work, 
9.72 ± 0.043. 
2.5 Discussion 
 
The FeSiO(OH)
 formation constant at zero ionic strength and 25 oC provided 
by equation 31 is Si*βο1 = 10-0.125.  This result can be used to examine the relative 
significance of FeSiO(OH)
 and FeOH2+ over a wide range of conditions.  Using 
the ferric ion hydrolysis constant of Byrne and Luo (2000) at and 25 oC and zero 
ionic strength (*βο1 = 10-2.15) it can be shown that [FeSiO(OH)
]/[FeOH2+] = 10-2.03 
[Si(OH)4]. Since the equilibrium Fe3+ + Si(OH)4 =  FeSiO(OH)
  + H+ is an 
isocoulombic reaction, the formation constant for the equilibrium should not 
vary strongly with ionic strength.  As such, the relative concentrations (i.e. ratio) 
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of FeSiO(OH)
 and FeOH2+ for millimolar concentrations of silicic acid at 25 oC 
will be approximately equal 0.1 over a wide range of ionic strengths. As such, 
since the stepwise stability constants for formation of ferric silicate complexes 
are unlikely to be larger than those of hydroxide complexes, it is expected that 
the relative concentrations of ferric silicate and hydroxide complexes will be low.  
In seawater, for example, with silicic acid ≤ 200 micromolar, the ratio 
[FeSiO(OH)
]/[FeOH2+] would be on the order of 0.02, independent of pH.  
Although the ferric silicate complex examined in this this work appears to be 
of little significance to iron speciation in seawater, recent publications have 
indicated that silicate complexation can be significant for the speciation of other 
ions in seawater.  Rare earth element (REE)-silicate complexes are reported to 
be the dominant species of dissolved REEs especially in deep waters of both the 
Pacific and Atlantic Oceans (Akagi 2013).  Diatom capture of the REE-silicate 
complexes is asserted to be the mechanism leading to non-zero concentrations 
of REEs in surface waters.  This assertion is based, in part, on the work of 
Thakur etal. (Thakur, Singh et al. 2007) who reported that log EuIIIβ1 = 7.43 at 
ionic strength = 0.75, T = not reported and the work of Jensen and Choppin 
(Jensen and Choppin 1996) who reported log β1 = 7.26 ± 0.20 I = 0.1, t = 25 °C.  
Using the results obtained in the present study the result of Thakur etal. can be 
assessed using linear free energy relationships. Linear free energy relationships 
(or linear Gibbs energy relations) relate the logarithm of a formation constant for 
a related series of reactions with the logarithm of the formation constant for 
another related series of reactions.  Figure 2.5 shows a linear free energy 
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relationship based on FeIII and EuIII formation constant data taken from the 
critically selected data found in the NIST database (Martell, Smith et al. 2004) 
and other sources (noted in Table 2.5).  The data shown in Figure 2.5 are 
compared over a range of ionic strengths (0.5 ≤ I ≤ 1.0) where formation constants 
are insensitive to ionic strength.  Table 2.5 contains all of the data pairs 
displayed in Figure 2.5.  Formation constant values for each ligand data pair 
were averaged to create a single data pair (β1(Eu) & β1(Fe) for each ligand (Cl-, F- 
etc.).  The linear least squares fit of these data pairs results in the following linear 
free energy relationship:   log EuIIIβ1 = 0.515 * log FeIIIβ1 + 0.320.   
Table 2.6 contains the averaged data pairs for each ligand.  This relationship, 
in conjunction with the formation constant data for ferric silicate obtained in 
this work at 0.7 molal ionic strength can be used to calculate log EuIIIβ1 for 
comparison with previous direct measurements. Using the average log FeIIIβ1 
value at I = 0.7 from table 2.4 (log FeIIIβ1 = 8.97) yields log EuIIIβ1 = 4.94 at 25 oC 
and 0.5 ≤ I ≤ 1.0.  This estimate differs from the reported values of Thakur et al. 
(2007) and Jensen and Choppin (1996), log EuIIIβ1 = 7.43 and log EuIIIβ1 = 7.26,   
by more than over two orders of magnitude.  The values of log EuIIIβ1 reported by 
Thakur etal. (2007) and Jensen and Choppin (1996) indicate that either the 
nature of REE-silicate complexation is extraordinary when compared to the 
behavior of  other simple inorganic ligands or that the results of Thakur et al. 
(2007) and Jensen and Choppin (1996) are greatly in error, whereupon further 
investigation of the methods used to determine the log EuIIIβ1 is indicated. 
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Figure 2.5 Linear Free Energy Plot of 
log EuIIIβ1 vs. log FeIIIβ1, t = 25 °C for all ligands. 
 
  
Table 2.5 Selected critical values for log FeIIIβ1 and log EuIIIβ1 
displayed in Figure 2.5, t = 25 °C for all ligands. 
 
Ligand logβ1(FeIII) logβ1(EuIII) I Reference 
Cl- 0.43 -0.36 0.7 (Byrne and Kester 1976a) (Fe), 
(Luo and Byrne 2001) (Eu) 
 0.60 -0.04 1.0 (Martell, Smith et al. 2004) 
SO42- 2.34 1.87 0.5 (Martell, Smith et al. 2004) 
 2.20 1.97 0.7 (Martell, Smith et al. 2004) (Fe), 
(Schijf and Byrne 2004) (Eu) 
 1.96 1.55 1.0 (Martell, Smith et al. 2004) 
Ac- 2.63 1.96 0.5 (Martell, Smith et al. 2004) 
F- 5.16 3.33 0.5 (Martell, Smith et al. 2004) 
 5.16 3.35 0.7 (Soli and Byrne 1996) (Fe), 
(Luo and Byrne 2000) (Eu) 
 5.16 3.26 1.0 (Martell, Smith et al. 2004) 
Ma2- 7.50 3.72 1.0 (Martell, Smith et al. 2004) 
Ox2- 7.53 4.83 0.5 (Martell, Smith et al. 2004) 
 7.39 4.89 0.7 (Martell, Smith et al. 2004) (Fe), 
(Cantrell and Byrne 1987) (Eu) 
 7.58 4.77 1.0 (Martell, Smith et al. 2004) 
OH- 11.10 5.40 0.5 (Martell, Smith et al. 2004) 
 10.97 5.65 0.7 (Martell, Smith et al. 2004) 
 11.05 5.70 0.7 (Martell, Smith et al. 2004) 
 11.01 5.70 1.0 (Martell, Smith et al. 2004) 
SO4
2-
Ac-
F-
Ox2- OH-
Cl-
Ma2-
y = (0.515 ± 0.065)x + (0.320 ± 0.404)
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Table 2.6 Averaged critical values for log FeIIIβ1 and log EuIIIβ1 
used to create linear fit of log FeIIIβ1 and log EuIIIβ1 
linear free energy relationship, t = 25 °C for all ligands. 
Ligand logβ1(FeIII) logβ1(EuIII) I 
Cl- 0.52 -0.20 0.7, 1.0 
SO42- 2.17 1.80 0.5,0.7, 1.0 
Ac- 2.63 1.96 0.5 
F- 5.16 3.31 0.5,0.7, 1.0 
Ma2- 7.50 3.72 1.0 
Ox2- 7.50 4.83 0.5,0.7, 1.0 
OH- 11.03 5.61 0.5,0.7, 1.0 
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3 FeIII Solubility in Aqueous Solutions at the Ionic Strength of 
Seawater 
 
3.1 Introduction 
 
The biogeochemical processes that control the concentration of iron in 
oceanic waters are complex and not fully understood.  Although iron is a major 
component in the earth’s crust, oceanic concentrations of iron are extremely low, 
with surface concentrations of remote open ocean waters often in the range of 
0.02 to 0.3 nM (Bruland, Orians et al. 1994).  Dissolved iron has been shown to 
be growth limiting  for phytoplankton (Martin and Fitzwater 1988) and a critical 
limiting factor in the productivity of marine ecosystems (Martin, Gordon et al. 
1990).  The low solubility of FeIII exerts dominant controls on  the availability of 
dissolved iron to marine organisms in seawater (Johnson, Gordon et al. 1997).   
Complexation of iron by both inorganic and organic ligands contributes to iron 
solubility and availability (Cullen, Bergquist et al. 2006).  
In response to distinct differences observed in previous investigations of ferric 
iron solubility, alternative methods have been designed to assess the solubility 
behavior of iron in aqueous solutions over a wide range of pH.  The experiments 
described in this work were conducted in 0.7 mol/kg sodium perchlorate 
(NaClO4) solutions over a pH range between 3.8 and 12. The experimental ionic 
strength is closely comparable to the ionic strength of seawater, and the pH 
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range encompasses conditions where the dominant hydrolyzed forms of iron are 
FeOH2+, Fe(OH)2+, Fe(OH)3o and Fe(OH)4-. While most iron solubility analyses 
have been conducted using radiochemical procedures, the present investigation 
utilized newly developed spectrophotometric procedures capable of measuring 
stable (non-radioactive) iron at sub-nanomolar concentrations. 
Spectrophotometry was utilized in the first measurements of iron in seawater 
(Thompson and Bremner 1935, Rakestraw, Mahncke et al. 1936).  These 
investigations established that iron exists at extremely low concentrations in the 
open ocean.  There are currently two spectrophotometric methods for 
measurements of aqueous iron concentrations that are much more sensitive 
than the methods used by Thompson and Bremmer (1935) and Rakestraw et al. 
(1936), a derivative method (direct long pathlength spectrophotometry) and a 
catalytic method.  Derivative methods use selective ligands, such as ferrozine, to 
create iron-ligand complexes that have a high molar absorptivity, whereby direct 
absorbance measurements provide the concentrations of dissolved iron.  
Catalytic methods are based on the ability of iron to catalyze reactions which 
produce colored products that can be monitored spectrophotometrically.  Long 
reaction times create high sensitivity. 
Ferrozine has been identified as a particularly useful spectrophotometric 
reagent for iron  (Stookey 1970).  Waterbury et al. (Waterbury, Yao et al. 1997) 
developed a flow-through spectrophotometric system using ferrozine that  
allowed continuous, high frequency iron concentration measurements.  In this 
approach a conventional spectrophotometric cell was replaced by a Teflon AF-
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2400 liquid core waveguide (LCW).  Liquid core waveguides can significantly 
improve sensitivity and lower the detection limit by greatly extending the optical 
pathlength. 
In 1988 Hirayama and Unohara first developed a method based on FeIII as a 
catalyst in the oxidation of N,N-dimethyl-p-phenylenediamine dihyochloride 
(DPD) by hydrogen peroxide in weakly acidic media (Hirayama and Unohara 
1988).  Measures et al. (1995) modified the initial batch method of Hirayama and 
Unohara by optimizing the chemistry for flow-injection analysis (FIA) and adding 
an in-line chelating column for the pre-concentration of iron prior to 
measurement (Measures, Yuan et al. 1995).  Incorporation of the chelating 
column reduced the detection limit to 0.025 nM. 
In this work a completely automated measurement protocol capable of 
producing continuous iron measurement at nanomolar (ferrozine 
measurements) and sub-nanomolar (DPD measurements) levels has been 
developed by combining an LCW with a portable spectrometer, peristaltic pumps 
and a laptop computer.  The ferrozine based method of Waterbury et al. (1997) 
was modified for implementation on the newly developed system, and the FIA 
method of Measures et al. (1995) was also adapted for continuous iron 
measurements with this system.  The lower detection limits due to the use of an 
LCW as the optical pathway eliminates the need for the pre-concentration step 
required in the FIA method.  
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3.2 Theory 
 
The total dissolved iron concentration in perchlorate solutions can be 
expressed as the sum concentrations of free ferric and ferric hydroxide species. 
[FeIII]T = [Fe3+] + [FeOH2+] + [Fe(OH)2+] + [Fe(OH)30] + [Fe(OH)4-] (1) 
Equilibria between free ferric iron and its hydrolysis products are expressed 
in terms of formation constants that relate hydrogen ion concentrations to the 
relative concentrations of dissolved iron species.  The hydrolysis equilibria for 
the iron hydroxide species are expressed by the following equations. 
Fe +	HO	 ⟷	FeOH +	H (2) 
Fe + 	2HO	 ⟷	Fe(OH)
 + 	2H (3) 
Fe + 	3HO	 ⟷	Fe(OH)
 + 	3H (4) 
Fe + 	4HO	 ⟷	Fe(OH) + 	4H (5) 
The formation constants appropriate to the above reactions are expressed as 
∗β1  =  
[]	[]
[]
 (6) 
∗β2  =  
[()
]	[]
[]
 (7) 
∗β3  =  
[()
!]	[]
[]
 (8) 
∗β4  =  
[() 
7]	[] 
[]
 (9) 
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The solubility reaction that relates the concentrations of free ferric ion 
concentrations and free hydrogen ion concentrations in equilibria with hydrous 
ferric oxide can be written as 
Fe(OH)

(s) +	3H ⟷	Fe + 	3HO, (10) 
with a  solubility product, *Ksp, for the equilibrium expressed as 
Ksp = :Fe3+;[H+]−3.  (11) 
Equations (1) – (11) can be combined to yield the following relationship 
between free hydrogen ion concentrations and the total dissolved concentration 
of ferric iron:  
[FeIII]T = K*sp * ([H+]3 + *β1[H+]2 + *β2[H+] + *β3 + *β4[H+]-1 ) (12) 
Selected values for the formation constants at 0.7 molal ionic strength based 
on the *β1 results of Byrne et al. (Byrne, Luo et al. 2000), the *β2 results of Byrne 
and Kester (Byrne and Kester 1976b), the *β3 results of Byrne and Kester (Byrne 
and Kester 1976a), the *β4 results of (Liu and Millero 1999), and the K*sp  results 
of Byrne and Kester (1976b) are summarized in Table 3.1. Based on these 
selections an illustrative plot of log [FeIII]T vs. pH is shown in Figure 3.1. The 
solubility minimum in Figure 3.1 corresponds to the K*sp of a precipitate that 
had been aged only two hours. Smaller K*sp values are observed as ferric 
hydroxide precipitates age. 
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Table 3.1 Selected Ferric Hydroxide Formation Constants 
Constant Value Medium Reference 
log *β1 -2.71 NaClO4 Byrne et al.  (2000) 
log *β2 -7.27 NaClO4 Byrne-Kester (1976a) 
log *β3 -13.6 Seawater Byrne-Kester (1976b) 
log *β4 -22.8 NaCl Liu-Millero (1999) 
log K*sp 5.7 Seawater Byrne-Kester (1976b) 
 
 
 
Figure 3.1 Illustrative Plot of –log[FeIII]T vs. pH for the constants presented in 
Table 3.1 
 
3.3 Experimental 
 
3.3.1 Experimental Overview 
 
The solubility of iron III was determined as a function of pH at a temperature (t) 
of 25 ±0.05 °C.  Ferric perchlorate (Fe(ClO4)3) solution was added to  0.7 mol/kg 
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NaClO4 and the pH of the samples was adjusted with either perchloric acid 
(HClO4) or sodium hydroxide (NaOH).  Samples were aged, filtered and then 
analyzed for iron concentrations.  All concentrations in this work are expressed 
as moles per kilogram (mol/kg) of water.   
3.3.2 Reagents and Materials 
 
All solutions were gravimetrically prepared using 18MΩ ultrapure H2O (MilliQ 
H2O) obtained from a Millipore water purification system.  Sodium perchlorate 
(NaClO4) stock solutions were prepared using sodium perchlorate (99% pure) 
from Acros Organics. 
Iron perchlorate (Fe(ClO4)3) stock solutions were prepared using FeIII 
perchlorate hydrate (low chloride) from Sigma-Aldrich.  Sodium hydroxide 
(NaOH) used to adjust experimental sample pH was obtained from Fisher 
Scientific.  Sodium chloride solutions used to verify the Nerstian slope of the pH 
electrode were prepared with NaCl obtained from Fisher Scientific and were 
certified 1N hydrochloric acid obtained from Sigma-Aldrich.   
Single point pH electrode calibration solutions were created by addition of 
certified 1N hydrochloric acid (Sigma-Aldrich) to 0.7 mol/kg NaClO4 solution.  
Trace metal grade perchloric acid from Fisher Scientific was used to adjust the 
pH of experimental solutions. 
Experimental solutions were treated with non-complexing buffers in order to 
stabilize the pH of the experimental solutions: MES (≥99.5%), EPPS (≥99.5%), 
MOPS (≥99.5%) and CHES (≥99.0%) from Sigma-Aldrich. 
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Ammonium acetate buffer was created with trace metal grade ammonium 
hydroxide and glacial acetic acid (Optima) obtained from Fisher.  N,N-Dimethyl-
p-phenylenediamine dihydrochloride (DPD)  and ascorbic acid (>99%) were 
obtained from Sigma-Aldrich.  Ferrozine (>99.8%) was obtained from Hach 
Chemicals.  Hydrogen peroxide (H2O2) was obtained from Fluka.  FeIII standard 
for ICP-MS analysis was obtained from Plasma Cal.  Hydroxylamine (98%) was 
obtained from Sigma-Aldrich.  Trace metal grade hydrochloric acid was obtained 
from Fisher. 
Toyopearl chelate was obtained from Fisher.  0.02 µm syringe filters (Anatop) 
were obtained from Whatman.  A Teflon AF-2400 liquid core waveguide was 
obtained from Biogeneral.  Ismatec Pharmed and Pharmapure peristaltic pump 
tubing was obtained from Cole-Parmer.  Teflon tubing used for all solution 
delivery was obtained from IDEX Health and Science.  Sep-Pak Accell cartridges 
were obtained from Waters.  Corning centrifuge tubes (15 mL) were obtained 
from Fisher. 
All iron standards were prepared using MilliQ H2O that was pumped through 
a chelating column to eliminate iron contamination.  FeIII standard (PlasmaCal) 
was used to create a 35 µmol stock solution with an intial pH of 2.10.  Standards 
for calibration for both DPD and ferrozine measurement were created by serial 
dilution of the 35 µmol stock solution.  Intermediate solution concentrations of 
1 µmol and 50 nmol were diluted to reach the final standard concentrations.  
Iron standard concentrations of 0.1 nmol/kg, 0.5 nmol/kg, 1.0 nmol/kg, 3.0 
nmol/kg, 5.0 nmol/kg, 10 nmol/kg and 15 nmol/kg were used to calibrate the 
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DPD iron measurement protocol.  All intermediate and final standard soutions 
have a pH of 2.70 to 2.40.  The ferrozine iron measurent protocol was calibrated 
with iron standard concentrations of 5 nmol/kg, 10 nmol/kg, 50 nmol/kg, 100 
nmol/kg, 500 nmol/kg, 1000 nmol/kg, 2000 nmol/kg, 2500 nmol/kg and 3000 
nmol/kg. 
Ammonium acetate buffer (2 M) was prepared by adding trace metal grade 
glacial acetic acid (Fisher) to approximately 700 mL of MilliQ H2O.  Trace metal 
grade 21% ammonium hydroxide (Fisher) (NH4OH) was then added to the 
ammonium acetate/MilliQ solution.  MilliQ H2O was then added to bring the 
final volume to 1 L. 
DPD, 0.12 mol/kg, is prepared by initially adding ascorbic acid to the 
ammonium acetate buffer.  The ascorbic acid/buffer solution was then added to 
MilliQ H2O.  DPD is then added to the ascorbic acid/buffer solution.  H2O2 (10%) 
is prepared by diluting 30% H2O2 with MilliQ H2O.    DPD was prepared no more 
than one day prior to sample iron measurements. 
Ferrozine solution was created by dissolving ferrozine into the ammonium 
acetate buffer to produce a concentration of 0.01 M.  Hydroxylamine was added 
to the ferrozine/buffer solution to provide the reductant required to measure 
total dissolved FeIII as a ferrozine complex with Fe2+. 
All solutions were created and stored in Teflon bottles that were cleaned in 8 
N nitric acids baths and rinsed with 18MΩ ultrapure H2O obtained from a 
Millipore water purification system. 
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3.3.3 Methods 
 
3.3.3.1 pH Measurement 
 
Solution pH was measured on the free hydrogen ion scale with a Corning pH 
meter (model 130) in the absolute mV mode and an Orion Ross combination pH 
electrode filled with 3 M NaCl. Nernstian behavior of the pH electrode was verified 
by titration of a 0.7 M NaCl solution with certified 1N HCl.  Immediately prior to 
each experiment a single point calibration of the pH electrode was performed 
using an acidified NaClO4 solution with an ionic strength of 0.7 mol/kg.  
Non-complexing buffers were added to experimental solutions prior to pH 
adjustment to maintain the target pH of the solution (Kandegedara and 
Rorabacher 1999).  Solutions were treated with either MES, EPPS, MOPS or 
CHES according to the target pH of the experimental solution.  All stock buffer 
solutions had a concentration of 0.01 mol/kg.   The buffer concentrations of all 
experimental solutions were 0.25 mmol/kg.  Buffers were not added to 
experimental solutions with pH values < 5.5 or > 10.0.  Subsequent to addition 
of buffers, the pH of each experimental solution was either lowered or raised to 
the target pH by small additions of either 0.25 N HClO4 or 0.25 N NaOH with a 
Gilmont syringe.  
3.3.3.2 FeIII Solubility Analysis 
 
NaClO4 stock solutions were created by adding sodium perchlorate to MilliQ 
H2O, resulting in a concentration of 3.5 mol/kg.  This NaClO4 stock solution was 
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filtered through 0.45 µm filters (Whatman) and stored at room temperature until 
use.  
Low iron (12.4 mmol/kg) concentration and high iron (284 mmol/kg) 
concentration ferric perchlorate stock solution was created in sodium 
perchlorate acidified with HClO4.   
All experimental solutions had a NaClO4 concentration of 0.7 mol/kg 
prepared by diluting the 3.5 mol/kg NaClO4 stock perchlorate solution with 
18MΩ ultrapure H2O.  Fe(ClO4)3 stock solutions were used  to prepare 
experimental solutions by serial dilution.   For solutions with pH < 5.5, the 
experimental solutions had a total iron concentration of 300 µmol/kg.  For 
solutions with pH > 5.5, experimental solutions had a total iron concentration of 
30 µmol/kg. 
Following adjustment to the target pH, the experimental solutions were placed 
in a thermostatically controlled jacketed beaker filled with water and maintained 
at 25 ± 0.5 °C.  Samples were kept in the beakers for 2 weeks and shaken 
vigorously daily to ensure homogeneous solution iron concentrations.  After two 
weeks of equilibration, the pH of the equilibrated sample was measured and 5 
mL of experimental sample was filtered directly into a 15 mL centrifuge tube 
through a 0.02 µm filter (Whatman, Anatop) connected to a 5 mL syringe.  The 
filtrate was immediately acidified with 10 µL of concentrated (16 N) nitric acid, 
and refrigerated until iron concentration measurement.  Measurement of sample 
iron concentration was typically conducted within 1-2 days of sample filtration, 
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with no more than one week maximum duration between filtration and iron 
measurement. 
3.3.3.3 LCW, Spectrometer and Pumps 
 
This section describes components common to both the direct and catalytic 
iron measurement techniques implemented in this investigation. 
 Ismatec Reglo peristaltic pumps (Model 78017) configured with Ismatec 
Pharmed and Phamapure peristaltic tubing were used for sample and reagent 
delivery.  Teflon tubing was used to carry solutions from the pumps to the 
measurement apparatus.  A 22.86 cm LCW was housed in a custom built metal 
box (14 cm X 10 cm x 4cm) that contained a T connection to interface the LCW 
to an optical fiber and fluidic tubing (Figure 3.2).  Absorbances were measured 
with an Ocean Optics USB400 portable spectrometer and were recorded with 
Ocean Optics SpectraSuite software running on a laptop computer.   
 
 
Figure 3.2 Custom Waveguide Apparatus 
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3.3.4 DPD Iron Measurements 
 
Figure 3.3 represents the DPD iron measurement system.  Three peristaltic 
pumps deliver the sample, ammonium acetate buffer, DPD and H2O2.  For the 
sample pump, 1.85 mm ID Ismatec Pharmed tubing was used, while 0.89 mm 
ID Ismatec Pharmed tubing was used for the buffer pump and 0.64 mm ID 
Ismatec Pharmapure tubing was used for the DPD/H2O2 pump.  To achieve near-
zero background iron concentrations, Sep-Pak Accell cartridges were modified to 
create in-line chelating columns designed to remove contaminating iron from 
reagents.  The chelating columns were connected in-line on the ammonium 
acetate buffer, the DPD and the H2O2 lines.  Constant reaction temperature was 
maintained by submersion of the Teflon carrier tubing in a Haake K10 water 
bath set to 25° C.  Buffer and H2O2 are initially mixed with the sample line.  This 
line and the DPD line then passed through the water bath to bring both solution 
lines to 25 °C.  The two lines were then mixed and immediately passed through 
the LCW.  Flow rates were empirically determined by monitoring the DPD-H2O2 
reaction peak absorbance wavelengths of 514 nm and 550 nm with a sample 
stream of ~5 nmol/kg iron concentration.  Initial sample flow to reagent flow 
mixing ratios were set to 20:1 for the DPD/H2O2 pump and 8:1 for the 
ammonium acetate buffer pump.  The ammonium acetate buffer ratio is the 
same as reported by previous DPD FIA techniques (Measures, Yuan et al. 1995, 
Weeks and Bruland 2002).  The initial sample to DPD mixing ratio produced 
excess peak absorbance values.  To reduce the peak absorbance, the flow rate of 
the DPD/ H2O2 pump was reduced until the sample to DPD mixing ratio was 
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48:1.  Continuous sampling was accomplished at a flow rate of ~1.15 
mL/minute, which provides sufficient sensitivity for detection of sub-nanomolar 
iron concentrations. 
 
Figure 3.3 DPD Iron Measurement Apparatus 
 
 
Previous methods of iron measurement using DPD have encountered 
problems with stability of the DPD solution.  DPD in solution rapidly forms color 
due to auto-oxidation, thereby requiring preparation of fresh reagent daily.   The 
addition of the ascorbic acid solution to the DPD created a reducing environment 
in the reagent solution that inhibited oxidation of the DPD in solution.  The DPD 
solution was refrigerated in between uses. Through the use of ascorbic acid 
addition and refrigeration no significant increase in color was observed in the 
DPD for up to two weeks. 
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3.3.5 Ferrozine Iron Measurements 
 
Figure 3.4 represents the ferrozine iron measurement system.  Measurement 
with ferrozine requires two pumps. The first delivers the sample and the second 
delivers the reagent stream.  For the sample pump, 1.85 mm ID Ismatec Pharmed 
tubing was used, and 0.89 mm ID Ismatec Pharmed tubing was used for the 
ferrozine pump. Absorbance measurements were obtained at ambient 
temperature.  Flow rates were empirically determined by initially setting the flow 
rate to 0.3 mL/min as described in Waterbury et al. (1997) and monitoring 
absorbance at the 562 nm absorbance maximum.   100% recovery of the system 
was verified by stopping all pumps and monitoring absorbance at 562 nm.  No 
increase in absorbance was detected after pumping was terminated.  Continuous 
sampling was conducted at a flow rate of ~ 0.85 mL/minute.  
 
Figure 3.4 Ferrozine Iron Measurement Apparatus 
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3.3.6 Calibration of Iron Measurements 
 
3.3.6.1 Calibration of DPD Analysis 
 
DPD has two maximum (peak) absorbing wavelengths - 514 nm and 550 nm.  
DPD iron measurements used absorbance observations at 514 nm.  To correct 
for instrumental drift, the absorbance at a non-absorbing wavelength, in this 
case 750 nm, was subtracted from the peak wavelength absorbance.  Peak 
wavelength absorbance was linearly correlated to iron standards over a 
concentration range of 0.1 nmol/kg to 15 nmol/kg.  Standards for DPD iron 
measurements were created on a weekly basis to avoid polymerization.  
Calibration was performed on the same day that DPD was created. 
The calibration curve for DPD calibrations for a typical calibration is shown 
in Figure 3.5.  Baseline absorbance (reagent blank) was on the order of 0.013 for 
freshly prepared DPD.  
 
Figure 3.5 DPD Calibration – Baseline Corrected 
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3.3.6.2 Calibration of Ferrozine Analysis 
 
Ferrozine has a maximum peak absorbing wavelength at 562 nm.  Ferrozine 
iron measurements involved absorbance observations at 562 nm.  To correct for 
instrumental drift, the absorbance at a non-absorbing wavelength (700 nm) was 
subtracted from the peak wavelength absorbance.   Peak wavelength absorbance 
was linearly correlated with iron standards over a concentration range of 5 
nmol/kg to 3000 nmol/kg.  The range of expected sample iron concentrations 
measured with ferrozine required the use of relatively high concentrations.  Once 
ferrozine solution is created, it remains stable with respect to color formation for 
extended periods of time.  Calibration curves for a typical ferrozine solution were 
invariant over a period of several months.  No increases in reagent blanks were 
observed and the calibration slope remained constant. 
The calibration curve for ferrozine calibrations for a typical calibration is 
shown in Figure 3.6.  Baseline absorbance (reagent blank) was on the order of 
0.15.  
 
Figure 3.6 Ferrozine Calibration – Baseline Corrected 
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3.3.7 Iron Measurements 
 
The detection limit for both measurement techniques is estimated from the 
standard deviation of the concentration of the lowest standard measured.  The 
relative standard deviation (RSD) is calculated as the standard deviation of the 
measured absorbance value divided by the measured absorbance value 
(Measures, Yuan et al. 1995).  The RSD is expressed as percent.  The detection 
limit is estimated by multiplying the lowest standard concentration by three 
times the RSD (Measures 1995).   
For ferrozine measurement, the lowest standard concentration is 5.06 
nmol/kg.  Absorbance for this concentration is 0.003 and the standard deviation 
is 0. 00047.  The RSD is calculated to be of 15.17%.  For a standard 
concentration of 5.06 nmol/kg and an RSD of 15.17% the detection limit is 2.3 
nmol/kg. 
For DPD measurement the lowest standard concentration is 0.106 nmol/kg.  
Absorbance for this concentration is 0.0148 and the standard deviation is 
0.0012.  The RSD is calculated to be 8.27%.  For a standard concentration of 
0.106 nmol/kg and an RSD of 8.27% the detection limit is 26 pmol/kg. 
3.4 Results 
 
Figure 3.7 displays the results for FeIII solubility over a pH range of 3.98 – 
10.18.  The solubility of FeIII obtained from this investigation is compared to 
multiple studies of FeIII solubility in both NaCl and seawater.  Investigations into 
FeIII solubilities in seawater were conducted by Byrne and Kester (1976b) (Figure 
 65 
 
3.8), Kuma et al. (Kuma, Nishioka et al. 1996) (Figure 3.9) Liu-Millero (Liu and 
Millero 2002) (Figure 3.10).  Kuma presented results for both coastal and open 
ocean seawater. Liu-Millero (Liu and Millero 1999) determined FeIII solubility in 
0.7 M NaCl solutions at 25 °C (Figure 3.11).   The Byrne-Kester and Liu-Millero 
investigations were conducted at 25 °C while Kuma et al. determined FeIII 
solubility at 20 °C.  
 
 
 
Figure 3.7 log[Fe]T vs. pH, [Fe]T Determined by DPD and Ferrozine 
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Figure 3.8 Comparison of FeIII Solubility Data with Byrne-Kester (1976)  
 
 
 
 
Figure 3.9 Comparison of FeIII Solubility Data with Kuma et al. (1996) 
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Figure 3.10 Comparison of FeIII Solubility Data with Liu-Millero (2002) 
 
 
 
Figure 3.11 Comparison of FeIII Solubility Data with Liu-Millero (1999)   
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Figure 3.12 shows a comparison of the Liu-Millero data obtained in NaCl 
solutions with the data from this study and all of the other cited studies. 
 
 
Figure 3.12 Comparison of Liu-Millero NaCl FeIII Solubility Data (Red) with All 
Other Cited Studies (Black) 
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investigations performed in seawater is 9.55 due to the formation of Brucite 
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demonstrate very good agreement for solubility observations at pH > 10.0.  Below 
pH 10.0, however, the solubilities observed by Liu and Millero (1999) are 
considerably lower than the solubilities observed in this work and all previous 
investigations of iron solubility in seawater (Figure 3.12). Observed differences 
are most notable for observations that include the normal pH range of seawater 
(7.3 ≤ pH ≤ 8.1). The observations in Figure 3.12 show that the solubility 
observations of Liu and Millero (1999) in the pH range 7.7 ≤ pH ≤ 9.7 are more 
than a factor of ten lower than results obtained in seawater and perchlorate 
solutions. The minimum solubilities observed by Liu and Millero (1999) are on 
the order of log[FeIII]T = -10.86 and the minimum solubilities observed in 
seawater and perchlorate solutions are log[FeIII]T = - 9.89 (seawater, pH = 9.39) 
and log[FeIII]T = - 9.75  (perchlorate, pH = 9.66).  Although the mechanisms that 
underlie the large observed differences will likely require further experimental 
observations, further examination of the results of Liu and Millero (1999) 
indicate that additional work might well reveal that the  25 °C results Liu and 
Millero obtained in NaCl underestimate the solubility of iron within the normal 
pH range of seawater. 
Solubility observations in 0.7 M NaCl were obtained by Liu-Millero (1999) at 
temperatures of 5 °C, 25 °C and 50 °C.  The temperature-dependent solubility 
observations obtained by (Liu-Millero, 1999) for 7.7 ≤ pH ≤ 9.7 are shown in 
Figure 3.13.  From Figure 3.13 it is apparent that the solubility for the data 
obtained at 25 °C are considerably lower than those obtained at both 5 °C and 
50 °C.  Furthermore, the Liu and Millero (1999) results at both 5 °C and 50 °C 
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are in relatively good agreement with results obtained in both seawater and 
perchlorate media. The average solubility for the 50 °C results shown in Figure 
3.12 is log[FeIII]T = -10.23 and the 5 °C average is log[FeIII]T = - 9.51. The average 
of these two results is approximately log[FeIII]T = -9.87. The solubility results of 
Liu and Millero (1999) at 5 °C and 50 °C and the seawater and perchlorate results 
shown in Figure 3.12 suggest that the minimum solubility of FeIII in seawater 
may be on the order of log[FeIII]T = -10.0.  Further comparative experimental 
investigations in both perchlorate and chloride media should be conducted to 
resolve the discrepancies between reported ferric iron solubilities at 
circumneutral pH.   
 
 
Figure 3.13  Liu-Millero NaCl FeIII Solubility Data at 5 °C, 25 °C 
and 50 °C  
There are many contributing factors that complicate the interpretation of FeIII 
solubility data in both synthetic media and natural waters.  Iron solubility over 
a range of pH is strongly influenced by both solution chemistry (e.g., Equations 
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2 – 9) and the exchange of FeIII between the solid phase and the solution phase 
(Equation 10). Solution phase equilibrium constants, which describe the relative 
concentrations of solution complexes, are dependent on temperature, pressure 
and ionic strength. The exchange of FeIII between solid and solution (as described 
by K*sp) includes additional important controlling influences beyond 
temperature, pressure and ionic strength.   
When iron is added to a solution at concentrations greatly in excess of 
solubility limits at a given pH, amorphous Fe(OH)30(s) particles initially form and, 
over time, transform into less soluble, more crystalline phases.  Substantial 
changes in iron solubility occur with aging of the solid phase (Kuma, 
Nakabayashi et al. 1992, Rose and Waite 2003). Liu and Millero (1999) 
documented decreases  in log [FeIII]T on the order of 0.1 for aging over the first 
24 hours and changes on the order of 0.7 over a period of two weeks at pH = 8.  
Liu and Millero (1999) also reported changes in log [FeIII]T for pH values of 4, 6 
and 12.  All of the data exhibited a greater rate of decrease in log [FeIII]T in the 
first 24 hours when compared to decreases in log [FeIII]T over the next 2 weeks.  
The solubility product of FeIII decreases logarithmically for up to 2 weeks after 
which the rate of change substantially decelerates.  A decrease of 0.5 in log 
[FeIII]T occurred at pH = 6 was observed in the first 24 hours compared to an 
average decrease of approximately 0.1 at pH 4, 8 and 12 (Liu and Millero, 1999).  
Kuma et al. (1992) and Rose and Waite (2003) aged samples for 1 week while Liu 
and Millero aged their samples for 3 weeks.  In all cases, the solubility product 
of FeIII stabilized after 1 week of equilibration time. 
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In addition to the important influences of aging on solubility of hydrous ferric 
oxide precipitates, it has also been reported that the activity of the solid phase, 
as embodied in the K*sp of a given solid phase, may also have a dependence on 
pH.  In such a case, Equation (11) would be replaced with an equation of the 
form Ksp = [Fe3+][H+]-n where n is somewhat less than three (Lengweiler, Buser et 
al. 1961, Byrne, Luo et al. 2000).  Such possibilities add considerable variability 
to the modeling of solubility data. 
Substantial uncertainties in modeling solution equilibria are encountered in 
the form of important (influential) solution phase equilibria in addition to those 
shown in equations 2 – 9.  Foremost among such equilibria are those involving 
strong organic ligands (Rue and Bruland 1995, Croot and Johansson 2000).  
Various classes of strong organic ligands have very large formation constants 
whereby the concentration of organic iron complexes in seawater can greatly 
exceed the sum concentration of inorganic iron species.  In solubility 
experiments such as those conducted by Kuma et al. (1996) in coastal waters, 
the level of soluble (dissolved) iron is higher than that measured by Kuma et al. 
(1996) in pelagic waters.  For solubility experiments conducted in the presence 
of strongly complexing natural organic ligands (i.e, natural seawater that has not 
been irradiated with UV), the observed concentrations of dissolved iron are 
largely limited by the relatively low concentrations of the strongly complexing 
organic ligands.   
Additional equilibria influencing the solubility behavior shown in Figure 3.12 
may include those involving carbonate complexation. All of the solubility results 
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shown in Figure 3.12, with the exception of the present results obtained using 
NaClO4, either contained bicarbonate at natural levels [i.e. seawater 
experiments), or contained two millimolar added bicarbonate (Liu and Millero, 
2002). In these cases carbonate complexes, including the mixed ligand complex 
FeOH(CO3)o (Byrne 2010) can contribute to the complexation and solubilization 
of iron.   
In addition to variations in K*sp  and variations on the solution composition 
of the experiments that led to the data shown in Figure 3.12, there are 
overarching concerns about the contributions of colloids to the solubility 
behavior shown in Figures 3.8 – 3.10.  In solubility experiments where 
separations of truly dissolved monomeric complexes and particulate iron, 
including colloids, are achieved by simple filtration, the smallest pore size filters 
used in most of the experiments was 20 nanometers or more.  To the extent that 
small colloids are possibly present in some equilibrated samples they could 
contribute to the appearance of ‘excess solubility’ relative to what would be 
expected based on the monomeric species shown in Equation 1.   
      In addition to artifacts that could lead to ‘excess solubility’ (additional 
organic and inorganic ligands, plus possible influences from colloids), other 
potential artifacts can lead to the appearance of anomalously low levels of soluble 
iron.  Iron solutions at circumneutral pH that have passed through the small 
pore size filters in a filtration apparatus are potentially quite susceptible to 
sorption. If solutions with total iron concentrations on the order of 0.1 nanomolar 
come into contact with surfaces in the filtration apparatus before they are 
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collected in counting vials, sorption of iron is a possibility that must be 
considered.   
The numerous investigations at the ionic strength of seawater to date have 
implemented a variety of experimental methods using differing media, 
measurement techniques, sample equilibration times and filter sizes.  These 
investigations have produced significant differences in the solubility of FeIII.    
Refinement of the understanding of FeIII solubility requires significant further 
investigation.  To further refine upper and lower bounds of solubility inter-
comparison of measurement techniques in both simple ionic media and natural 
waters is necessary.  Studies in complex ionic media representative of seawater 
but devoid of organics may provide further insight into the effects of organic 
complexation.  
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4 Configuration of an In situ Spectrophotometer for Continuous 
Measurements of Iron in Seawater 
 
4.1 Introduction 
 
4.1.1 Current Status of In situ Iron Measurements 
 
Acquisition of seawater for the determination of dissolved iron concentrations 
has involved utilization of a number of sampling systems for both surface and 
deep water.  For over forty years, deep water sample collection was a time-
consuming and labor intensive process performed by mounting individual GO-
FLO sampler bottles on either a poly-sheathed steel wire (Betzer and Pilson 1970) 
or a Kevlar hydrowire (Bruland, Franks et al. 1979).  The Mercury Close Open 
Sampler (Mercos) reduced sample contamination by the collection and storage 
of samples in one container (Freimann, Schmidt et al. 1983).  The Mercos system 
collected and acidified samples in containers that can be transferred directly to 
a clean bench once the container has been removed from the sampling system. 
The GO-FLO sampling technique was adapted to a rosette profiling system 
capable of sampling large volumes of seawater over the entire water column 
(Hunter, Gordon et al. 1996).  Providing real-time monitoring to the ship, the 
rosette based system could sample specific depths in response to operator 
command. The ability to perform trace metal clean sampling for long term 
deployments of up to 6 months was provided by the Moored In Situ Trace 
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Element Serial Sampler (MITESS) (Bell, Betts et al. 2002, Bergquist and Boyle 
2006).  The MITESS system enabled the acquisition of time series data in water 
as deep as 5000 meters.  More recently Titan - a system capable of trace element 
sampling to depths of 8000 meters was developed in response to the requirement 
of the Geotraces (Anderson, Henderson et al. 2007) program for rapid ultraclean 
sampling (De Baar, Timmermans et al. 2008).  Titan increased the sampling 
frequency by up to 4 times the rate of previous deep water sampling systems.  
Continuous surface sampling for shipboard delivery of surface waters is provided 
by pumping seawater  from a towed torpedo fish (De Jong, Den Das et al. 1998).  
The towed fish sampling system is capable of providing samples to multiple iron 
measurement systems (Vink, Boyle et al. 2000, Bowie, Achterberg et al. 2003). 
Elimination of environmental contamination in sample collection for 
measurement of particulate iron was first implemented by Betzer in the late 
1960s and early 1970s (Betzer and Pilson 1970, Betzer 1971). The development 
of trace metal clean techniques in the 1980s  allowed for the first accurate 
measurements of dissolved iron in seawater (Bruland, Franks et al. 1979).  Since 
that time, chemical oceanographers have developed and employed several novel 
methods for shipboard analyses of iron.  These techniques include flow injection 
luminol chemiluminescence (Obata, Karatani et al. 1993), competitive ligand 
cathodic stripping voltammetry (Obata and van den Berg 2001) and  flow 
injection catalytic spectrophotometry (Measures, Yuan et al. 1995). Both the 
luminol chemiluminescence and the catalytic spectrophotrometric methods 
require pre-concentration of FeIII onto 8-hydroxyquioline (8-HQ) chelating resin.  
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The cathodic stripping voltammetry method incorporates adsorptive 
accumulation of FeIII onto 2,3 dihydroxynaphthalene (DHN).   
Taken together, all of the current analysis methods and sample 
collection/delivery systems are not capable of producing continuous trace metal 
concentration data over the entire water column.  All of the systems require that 
sample water is brought shipboard, exposing samples to the risk of 
contamination due to the ubiquity of iron in natural and man-made 
environments. 
 Environmental iron contamination complicates sample collection and 
shipboard analysis of seawater (Betzer and Pilson 1970, Betzer and Pilson 1975).  
The use of in situ instruments reduces the risk of contamination from 
environmental sources as in-water analysis of seawater eliminates the need for 
sample collection.  This chapter presents the configuration of an in situ chemical 
analyzer for continuous measurements of iron in seawater.  M-SEAS, a 
spectrophotometric based sensor created at the University of South Florida’s 
Center for Ocean Technology, is capable of continuous in situ measurement of 
sub-nanomolar concentrations of multiple analytes.     
4.1.2 In Situ Spectrophotometric Measurements of Trace Element 
Concentrations 
 
4.1.2.1 Principles of Spectrophotometry 
 
Spectrophotometric determinations of the concentrations of dissolved 
analytes involve measurements of the light attenuation (absorbance) of strongly 
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absorbing substances that are created by reactions between reagents and 
dissolved analytes of interest.  Light absorption by the colored reaction products 
is typically proportional to the concentration of the measured analyte over a 
range of wavelengths.   Absorbance measurements are expressed as the 
logarithm of transmitted light intensity in the absence and presence of the light-
absorbing species: 
A = log I0 / I 
where A is absorbance, I0 is the intensity without the colorimetric reagent and I 
is the intensity in the presence of the colorimetric reagent.  The concentration is 
then determined using Beer’s Law: 
A = ε l c 
where l is the pathlength (cm), ε is the molar absorptivity (i.e., absorbance per 
molar cm) of the analyte-reagent complex (M-1cm-1), and c is the concentration 
of the analyte in solution (M). 
Conventional spectrophotometric measurements are obtained using 1 to 10 
cm pathlength cells.  These pathlengths provide detection limits on the order of 
0.05 to 1.0 µM depending on the molar absorptivity of the color absorbing 
complex.  The detection limit and sensitivity can be lowered by extending the 
pathlength of the optical cell.  Teflon AF-2400, a flexible fluoropolymer tubing 
with a refractive index (1.29) that is less than that of seawater (~1.34), provides 
for optical waveguiding (Lowry and Mendlowitz 1992, Risk, Kim et al. 2004, 
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Gimbert and Worsfold 2007) and thereby the capability to greatly extend optical 
pathlengths.  Teflon AF-2400 has been used to create spectrophotometric 
systems with detection limits that allow for measurements of analytes at 
nanomolar and sub nanomolar concentrations (Waterbury, Yao et al. 1997, Yao, 
Byrne et al. 1998, Yao and Byrne 1999, Callahan, Rose et al. 2002, Ma and 
Byrne 2012). The simple long pathlength measurement protocol eliminates the 
need for in-line pre-concentration. 
4.1.2.2 Spectrophotometric Measurement of Iron 
 
There are two proven methods for spectrophotometric measurements of 
aqueous iron concentrations, a direct ferrozine-based long pathlength method 
and a method that measures iron through its role as a catalyst in the oxidation 
of N,N-dimethyl-p-phenylenediamine dihyochloride (DPD) by hydrogen peroxide. 
These methods, described in chapter 3 of this dissertation, are capable of 
producing continuous, autonomous measurements of iron at nanomolar levels 
(ferrozine measurements) and sub-nanomolar levels (DPD measurements) levels. 
Both of these measurement protocols are adaptable to the third generation in 
situ spectrophotometric instrumentation described below, thereby enabling in 
situ measurements of iron over the range of concentrations found in natural 
seawater. 
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4.2 Development of the Spectrophometric Elemental Analysis System – 
SEAS 
 
Highly sensitive in situ sensors capable of nanomolar level detection of 
nutrients and trace metals based on liquid core waveguide technology have been 
developed at the University of South Florida College of Marine Science and the 
Center for Ocean Technology (Byrne, Yao et al. 2000, Kaltenbacher, Steimle et 
al. 2000).  The Spectrophometric Elemental Analysis System (SEAS) utilizes long 
pathlength absorbance spectrometry (LPAS) combined with colorimetric 
protocols to achieve the sensitivity required to measure analytes at nanomolar 
concentration levels.  The key to increased sensitivity is the flexible liquid core 
waveguide (LCW) constructed of Teflon AF-2400.  SEAS technology has been 
extensively tested and refined through multiple engineering cycles of 
development beginning with the SEAS I and followed by the SEAS II and 
ultimately M-SEAS. Figure 4.1 shows high resolution nitrite and fluorescence 
profiles collected simultaneously during a cast of the SEAS I sensor in the 
eastern Pacific Ocean (Adornato, Kaltenbacher et al. 2005). 
Deployed on  moorings,  the SEAS sensor allows  data collection with high 
temporal resolution  (Liu, Byrne et al. 2013).  At present, no other in situ 
instrumentation is capable of measurements at such high spatial and temporal 
resolution for a wide variety of analytes. It can be supposed that, with 
appropriately designed instrumentation, vertical profiles of iron concentrations 
could be obtained with spatial resolution comparable to that shown in Figure 
4.1.  
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Figure 4.1 Comparison of (a) nitrate concentration with (b) fluorescence  
Used by Permission of L. R. Adornato 
 
The M-SEAS sensor (Figure 4.2) is the most recently designed SEAS 
instrument. Its predecessors, SEAS I and SEAS II, have been used to make a 
wide range of in situ measurements including copper, nitrite, nitrate and 
phosphate (Callahan, Kaltenbacher et al. 2004, Adornato, Kaltenbacher et al. 
2005, Adornato, Kaltenbacher et al. 2007).  An emphasis on size reduction with 
respect to SEAS II enables flexible deployment strategies for the M-SEAS, 
including traditional shipboard profiling, use of moored platforms and 
integration into autonomous vehicles, such as the Bottom Stationed Ocean 
Profiler (BSOP) developed at the Center for Ocean Technology (Langebrake, 
Lembke et al. 2002).  M-SEAS represents a complete engineering re-design of the 
SEAS II pumps, electronics, graphical user interface and control software.  Two 
Ocean Optics USB4000 spectrometers provide simultaneous use of two 
measurement chemistries.  Ethernet connectivity replaces serial communication 
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between the GUI and control software, allowing simultaneous communication 
with the GUI during spectral measurements, a capability not found in previous 
SEAS instruments.  A Gumstix microprocessor replaces the embedded 
microcontroller extending the performance capabilities of the internal M-SEAS 
control software, even providing internet access to the M-SEAS.  Acquisition 
frequency of spectral data is dramatically increased with the USB 
communication that replaces the SEAS II RS-232 serial connection for control of 
the spectrometers.  The heater system is integrally coupled with the 
spectrometers eliminating the need for temperature correction of certain 
measurement chemistries. 
 
 
Figure 4.2 M-SEAS In situ Instrument 
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A key addition to the M-SEAS engineering architecture is a distributed 
control network, LONWorks.  LONWorks supports a connection to an external 
CTD and the M-SEAS battery module.  With minimal enhancement multiple 
commercially available oceanographic instruments can be integrated into M-
SEAS via the LONWorks architecture.  Another important function of 
LONWorks is to allow a seamless connection to the BSOP autonomous profiler 
for obtaining autonomous concentration measurements over the entire water 
column. 
4.3 Experimental 
 
4.3.1 Development of M-SEAS Iron Measurement Capabilities 
 
The measurement protocol that allows continuous measurement of iron at 
nanomolar concentrations (Chapter 3, FeIII solubility in Aqueous Solutions at the 
Ionic Strength of Seawater) was adapted to the M-SEAS instrument.  Both DPD 
and ferrozine measurement chemistries have been implemented in M-SEAS.  
Initial testing of the M-SEAS iron measurement chemistries was conducted on 
two cruises aboard the R/V Weatherbird in the Eastern Gulf of Mexico during 
June and November 2013. 
4.3.2 Reagents and Materials 
 
All solutions were gravimetrically prepared using 18MΩ ultrapure H2O (MilliQ 
H2O) obtained from a Millipore water purification system.   
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Ammonium acetate buffer was created with trace metal grade ammonium 
hydroxide and glacial acetic acid (Optima) obtained from Fisher.  N,N-dimethyl-
p-phenylenediamine dihyochloride (DPD)  and ascorbic acid (>99%) were 
obtained from Sigma-Aldrich.  Ferrozine (>99.8%) was obtained from Hach 
Chemicals.  Hydrogen peroxide (H2O2) was obtained from Fluka.  FeIII standard 
for ICP-MS analysis was obtained from Plasma Cal.  Hydroxylamine (98%) was 
obtained from Sigma-Aldrich.  Trace metal grade hydrochloric acid was obtained 
from Fisher.  Sodium chloride (NaCl) was obtained from Fisher Scientific.  
Sodium hydroxide (NaOH) used to adjust the pH of NaCl solutions was obtained 
from Fisher Scientific. 
Toyopearl chelate was obtained from Fisher.  A Teflon AF-2400 liquid core 
waveguide was obtained from Biogeneral.  Ismatec Pharmed and Pharmapure 
peristaltic pump tubing was obtained from Cole-Parmer.  Peek tubing used for 
all solution delivery was obtained from IDEX Health and Science.  Sep-Pak Accell 
cartridges were obtained from Waters.  IV bags (Baxter, 250 mL) were obtained 
from Fisher. 
All iron standards were prepared using MilliQ H2O that was pumped through 
a chelating column to eliminate iron contamination.  FeIII standard (PlasmaCal) 
was used to create a 35 µmol stock solution with an intial pH of 2.10.  Standards 
for calibration for both DPD and ferrozine measurement were created by serial 
dilution of the 35 µmol stock solution.  Intermediate solution concentrations of 
1 µmol and 50 nmol were diluted to reach the final standard concentrations of 
0.1 nmol/kg, 0.5 nmol/kg, 1.0 nmol/kg, 3.0 nmol/kg, 5.0 nmol/kg, 10 nmol/kg 
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and 15 nmol/kg. These solutions were used to calibrate both the DPD and 
ferrozine iron measurement protocols.  All intermediate and final standard 
solutions had a pH of 2.70 to 2.40. 
Ammonium acetate buffer (2 M) was prepared by adding trace metal grade 
glacial acetic acid (Fisher) to approximately 700 mL of MilliQ H2O.  Trace metal 
grade 21% ammonium hydroxide (Fisher) (NH4OH) was then added to the 
ammonium acetate/MilliQ solution.  MilliQ H2O was then added to bring the 
final volume to 1 L. 
DPD, 0.12 mol/kg, was prepared by initially adding ascorbic acid to the 
ammonium acetate buffer.  The ascorbic acid/buffer solution was then added to 
MilliQ H2O.  DPD was then added to the ascorbic acid/buffer solution.  H2O2 
(10%) was prepared by diluting 30% H2O2 with MilliQ H2O.    DPD was prepared 
no more than one day prior to sample iron measurements. 
Ferrozine solution was created by dissolving ferrozine in the ammonium 
acetate buffer to produce a concentration of 0.01 M.  Hydroxylamine was added 
to the ferrozine/buffer solution to provide the reductant for measurement of total 
dissolved iron as a ferrozine complex with Fe2+. 
The 250 mL IV bags were filled with 1N HCl for 1 week and rinsed with MilliQ 
H2O that was pumped through a chelating column to remove dissolvable iron. 
NaCl, 0.7 mol/kg, was prepared by dissolving NaCl into MilliQ H2O.  The pH 
of the NaCl solution was raised to ~9.0 with NaOH and stored at room 
temperature for 2 weeks in 1 L Teflon bottles to precipitate/sorb iron from 
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solution.  After the 2 week period the upper volume of the NaCl solution, ~ 
800mL, was pumped through a chelating column into cleaned 250 mL IV bags.  
All solutions were created and stored in Teflon bottles that were cleaned in 
either 8 N nitric acids baths or 4N HCl acid baths and rinsed with 18MΩ 
ultrapure H2O obtained from a Millipore water purification system. 
4.3.3 Methods 
 
Iron measurements were configured for simultaneous acquisition by the two 
spectrometers of the M-SEAS instrument.  The M-SEAS was prepared for 
deployment through the water column to a maximum depth of 180 meters.   
Measurements were acquired on the downcast to prevent possible contamination 
from the hydrowire.   Seawater in the sample intake line was acidified to pH ~1.8 
to break down organic iron complexes.  This acidification process provided at 
least 90 seconds of low sample pH prior to the addition of ammonium acetate 
buffer. 
4.3.4 Iron Measurement 
 
Figure 4.3 shows the M-SEAS iron measurement system.  Six peristaltic 
pumps are configured to deliver the sample, ammonium acetate buffer, DPD and 
H2O2, HCl, NaCl and ferrozine.  Both sample lines are driven by one pump. The 
same is true for DPD and H2O2, both HCl lines and both NaCl lines. Two pumps 
are required for the ammonium acetate line and the ferrozine line, one pump for 
each line. For the sample and NaCl lines, 1.85 mm ID Ismatec Pharmed tubing 
was used, while 0.89 mm ID Ismatec Pharmed tubing was used for the buffer 
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and ferrozine lines and 0.64 mm ID Ismatec Pharmapure tubing was used for 
the DPD/H2O2 and HCl lines.  To achieve near-zero background iron 
concentrations, Sep-Pak Accell cartridges were modified to create in-line 
chelating columns for removal of contaminating iron from both the reagent and 
NaCl lines.  The NaCl lines are used to establish a baseline reference for 
absorbance measurements.  The chelating columns were connected in-line on 
the DPD, H2O2, ammonium acetate buffer and NaCl lines. 
 
 
Figure 4.3 M-SEAS Iron Measurement Apparatus 
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 A 20 cm LCW was used for the DPD measurement method.  In order to 
achieve low detection limits with the ferrozine method, a 1.8 meter pathlength 
LCW was used.  A vacuum is established in the pressure vessel containing the 
heater to isolate the heating element from ambient seawater and maintain a 
constant temperature for the DPD/H2O2 reaction.  As a consequence of the 
difference between the ambient pressure and the vacuum in the heater pressure 
vessel, the LCW would rupture.  To prevent this material failure occurrence the 
LCW (0.040” in O.D) is sheathed in peek tubing (0.062” O.D.). 
4.3.5 DPD Iron Measurement 
 
4.3.5.1 Overview 
 
Flow rates were empirically determined by monitoring the DPD-H2O2 reaction 
peak absorbance wavelengths of 514 nm and 550 nm with a sample stream of 
~5 nmol/kg iron concentration.  Initial sample flow to reagent flow mixing ratios 
were set to 48:1 for the DPD/H2O2 pump and 8:1 for the ammonium acetate 
buffer pump.  The sample mixing ratio is the same as determined for the DPD 
chemistry developed to measure ferric hydroxide solubility (Chapter 3, FeIII 
solubility in Aqueous Solutions at the Ionic Strength of Seawater, This 
Dissertation).  The ammonium acetate buffer mixing ratio is the same as reported 
by previous DPD FIA techniques (Measures, Yuan et al. 1995, Weeks and 
Bruland 2002).  Constant temperature for the DPD/H2O2 reaction is maintained 
by the M-SEAS internal heater system.  Continuous sampling was accomplished 
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at a flow rate of ~1.15 mL/minute, which provides sufficient sensitivity for 
detection of sub-nanomolar iron concentrations. 
4.3.5.2 Calibration of DPD Analysis 
 
DPD has two maximum (peak) absorbing wavelengths - 514 nm and 550 nm.  
DPD iron measurements used absorbance observations at 514 nm.  To correct 
for instrumental drift, the absorbance at a non-absorbing wavelength, in this 
case 750 nm, was subtracted from the peak wavelength absorbance.  Peak 
wavelength absorbance was linearly correlated to iron standards over a 
concentration range of 0.1 nmol/kg to 10 nmol/kg.  Standards for DPD iron 
measurements were created on a weekly basis to avoid polymerization.  
Calibration was performed on the same day that DPD was created. 
A typical DPD calibration curve at 25 degrees C is shown in Figure 4.4.  
Baseline absorbance (reagent blank) was on the order of 0.010 for freshly 
prepared DPD.  The baseline absorbance established by the reagent blank is 
subtracted from the absorbance of the iron standards. 
 
Figure 4.4 DPD Calibration – Baseline Corrected 
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4.3.6 Ferrozine Iron Measurement 
 
4.3.6.1 Overview 
 
Ferrozine has a maximum peak absorbing wavelength at 562 nm.  Flow rates 
were empirically determined by initially setting the flow rate to 0.85 mL/min as 
described in Chapter 3 of this dissertation and monitoring absorbance at the 562 
nm absorbance maximum.  Absorbance measurements were made at a constant 
temperature maintained by the M-SEAS internal heater system.  100% recovery 
of the system was verified by stopping all pumps and monitoring absorbance at 
562 nm.  No increase in absorbance was detected after pumping was terminated.  
Continuous sampling was conducted at a flow rate of ~ 1.0 mL/minute. 
4.3.6.2 Calibration of Ferrozine Analysis 
 
Ferrozine iron measurements involved absorbance observations at 562 nm 
and, to correct for instrumental drift, the absorbance at a non-absorbing 
wavelength (700 nm) was subtracted from the peak wavelength absorbance.   
Peak wavelength absorbance was linearly correlated with iron standards over a 
concentration range of 1 nmol/kg to 15 nmol/kg. 
Once a ferrozine solution is created, it remains stable with respect to color 
formation for extended periods of time.  Calibration curves for a typical ferrozine 
solution were invariant over a period of several months.  No increases in reagent 
blanks were observed and the calibration slope remained constant. 
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The calibration curve for ferrozine calibrations for a typical calibration at 25 
degrees C is shown in Figure 4.5.  Baseline absorbance (reagent blank) was on 
the order of 0.13.  The baseline absorbance established by the reagent blank is 
subtracted from the absorbance of the iron standards. 
 
 
Figure 4.5 Ferrozine Calibration – Baseline Corrected 
 
4.3.7 In situ Deployment 
 
The M-SEAS is prepared for deployment by starting and running all pumps 
for several minutes to fill the fluid lines.  During this phase the sample lines are 
connected to a 0.7 mol/kg NaCl IV bag to fill the sample lines with iron-free 
solution. 
The M-SEAS is then powered off and on and once the M-SEAS initializes, the 
heater is set to 25 degrees C and the lamp and heater are turned on.  During a 
5 minute delay period with all pumps turned off the M-SEAS is deployed and 
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and a second delay period, 15 minutes, is begun.  All pumps run for 15 minutes 
to remove bubbles from the system.  The sample and acid pumps stop after this 
15 minute period but the NaCl pump continues for 3 minutes to clear the DPD 
and ferrozine sample lines of seawater and establish a baseline reference for 
absorbance measurements.  After this 3 minute period, the DPD reference and 
the ferrozine reference measurements are made.  The NaCl pump is then stopped 
and the sample and acid pumps are activated.  The M-SEAS is then raised to a 
depth of 10 meters and absorbance spectra are continuously acquired for both 
channels as the M-SEAS is lowered to its maximum profile depth and then 
returned to the surface. 
4.4 Initial Testing of the M-SEAS Instrument 
 
4.4.1 2013 Cruises 
 
The M-SEAS was initially tested on cruises in the Eastern Gulf of Mexico in 
June 2013 and November 2013.  In each instance the objective was evaluation 
of the performance of the M-SEAS from a system operational view and to 
determine the efficacy of the dual iron measurement chemistries as configured 
on the M-SEAS.  Both cruises were “cruises of opportunity” with regards to the 
deployment of M-SEAS.  In each case M-SEAS deployments were scheduled as 
available during times when the instrumentation dedicated to the primary 
science mission was not being deployed.  This limited the number of deployments 
to two casts during the June cruise and thirteen casts over three days during 
the November cruise.  Space available in the science lab precluded the use of a 
 95 
 
class 100 laminar flow hood which prohibited the establishment of “clean 
conditions”, thus eliminating the opportunity to calibrate the reagents while 
operating at sea. 
The two casts of the June cruise produced no iron concentration 
measurement data.  However, these casts were helpful in establishing refined 
procedures for successfull deployment and recovery of M-SEAS.   The June 
cruise ended prematurely due to the loss of the primary science mission 
instrumentation. 
During the November cruise thirteen casts were made over three days.  The 
first two days focused on eliminating issues involving synchronization of the 
execution of the measurement method script with the mechanics of actually 
deploying the M-SEAS.  The third day focused efforts on obtaining iron 
concentration data using both measurement chemistries. 
4.4.2 Results and Discussion 
 
Iron concentration measurement data were obtained during three casts on 
the third day of deployment of the M-SEAS during the November cruise.  Previous 
calibration data for both chemistries were used to calculate iron concentration 
data from absorbance as a means of initial evaluation of the respective 
measurement methods.  During these casts the heater pressure vessel flooded, 
eliminating the thermostating that is especially important for maintaining 
constant DPD reaction kinetics.   Figure 4.6 (a) shows the apparent iron 
concentrations obtained from the DPD measurement channel, and Figure 4.6 (b) 
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shows the apparent iron concentration from ferrozine measurement channel.  
Temperature obtained from the CTD connected to the M-SEAS, Figure 4.6 (c), 
clearly shows  that the measurements in both channels are strongly affected by 
declining temperature as M-SEAS descends below the 40 meter thick mixed 
layer. 
 
 
Figure 4.6 (a) DPD Iron Concentrations  
 
 
 
Figure 4.6 (b) Ferrozine Iron Concentrations 
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Figure 4.6 (c) Temperature vs Depth 
 
 
Iron concentration data obtained from the ferrozine measurement chemistry 
was significantly higher than the iron concentrations obtained from the DPD 
measurement chemistry. 
4.4.3 Future Work 
 
Significant refinement of the M-SEAS sensor is necessary in order to obtain 
dissolved total iron concentrations.  Areas that need to be addressed are (a) the 
flooding of the heater pressure vessel, (b) refinement of calibration procedures 
for iron measurement protocols to produce near zero intercept values, (c) 
assessment of the accuracy of the absorbances of both iron measurement 
protocols, (d) elimination of possible interferences from CDOM and (e) the 
establishment of shipboard trace metal clean protocols.  Additionally the 
measured iron concentrations obtained from M-SEAS must be validated against 
state of the art shipboard procedures. 
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The heater pressure vessel can be modified to prevent flooding of the heater 
element by using redesigned feed-through seals for introduction of tubing into 
the heater pressure vessel.  These seals must be able to withstand pressures of 
approximately 20 atmospheres.  
Measurement protocols must be refined to produce near zero intercept 
absorbance values.  This requires intensive trace metal cleaning procedures of 
all of the fluid storage and delivery components of M-SEAS.  Additionally, the 
ferrozine method must be refined until the molar absorptivity of the Fe2+-
ferrozine complex matches the value obtained in traditional 1-10 cm pathlength 
combined with a conventional spectrometer.  
     Small mesh filters attached to the intake of the sample lines should be 
used to reduce the introduction of CDOM into the sample stream and minimize 
or eliminate interferences from CDOM. Additionally, one of the two M-SEAS 
channels could be used to monitor CDOM absorbance for inclusion into the 
baseline subtraction process.   
Shipboard trace metal clean protocols must be utilized to insure that M-SEAS 
shipboard calibrations are free of environmental iron contamination.  A small 
Class 100 laminar flow bench is required for manipulation of reagents and 
reagent storage.  Procedures and hardware should be developed to clean and 
store the M-SEAS instrument and minimize its exposure to shipboard 
contamination.  This should include development of standard procedures for 
acid cleaning of M-SEAS and construction of on-deck storage containers to 
isolate M-SEAS from shipboard contamination.  
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Finally, at sea participation with researchers who measure iron with state of 
the art shipboard procedures is an essential requirement for validation of the 
results of in situ M-SEAS measurements.  
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Appendix A Absorbance Data from Ferric Silicate Complexation 
Experiments 
 
Table A.1 Absorbance data over the range of 275 nm to 340 nm for an 
experiment at I = 0.1 and T = 25 °C.  The pH range was 3.96 – 2.19 and the iron 
concentration was 6.07 µmol/kg. 
 
λ/pH 3.96 3.82 3.68 3.37 3.13 2.93 2.82 2.70 2.53 2.40 2.25 2.19 
275 0.122 0.119 0.118 0.113 0.108 0.104 0.101 0.097 0.091 0.085 0.080 0.075 
276 0.123 0.119 0.119 0.113 0.109 0.104 0.101 0.097 0.090 0.084 0.078 0.074 
277 0.123 0.120 0.119 0.114 0.109 0.104 0.100 0.096 0.089 0.083 0.076 0.072 
278 0.124 0.120 0.120 0.114 0.109 0.104 0.100 0.096 0.088 0.081 0.075 0.070 
279 0.124 0.120 0.119 0.114 0.109 0.104 0.099 0.095 0.087 0.080 0.073 0.068 
280 0.123 0.120 0.119 0.114 0.108 0.103 0.099 0.094 0.086 0.079 0.072 0.067 
281 0.123 0.120 0.119 0.113 0.108 0.102 0.098 0.093 0.084 0.077 0.070 0.065 
282 0.122 0.119 0.118 0.113 0.107 0.102 0.097 0.092 0.083 0.076 0.068 0.064 
283 0.121 0.119 0.117 0.112 0.107 0.101 0.096 0.091 0.082 0.074 0.067 0.062 
284 0.120 0.118 0.117 0.111 0.106 0.100 0.095 0.090 0.080 0.073 0.065 0.060 
285 0.119 0.117 0.116 0.110 0.105 0.099 0.094 0.089 0.079 0.072 0.064 0.059 
286 0.118 0.115 0.114 0.109 0.104 0.097 0.093 0.087 0.078 0.070 0.062 0.057 
287 0.116 0.114 0.113 0.108 0.102 0.096 0.092 0.086 0.076 0.069 0.061 0.056 
288 0.115 0.113 0.112 0.107 0.101 0.095 0.090 0.085 0.075 0.067 0.059 0.054 
289 0.113 0.111 0.110 0.105 0.100 0.094 0.089 0.083 0.073 0.066 0.058 0.053 
290 0.111 0.109 0.108 0.104 0.098 0.092 0.087 0.082 0.072 0.064 0.056 0.051 
291 0.109 0.107 0.106 0.102 0.097 0.091 0.086 0.080 0.071 0.063 0.055 0.050 
292 0.107 0.106 0.105 0.101 0.095 0.089 0.084 0.079 0.069 0.061 0.053 0.049 
293 0.105 0.104 0.103 0.099 0.094 0.088 0.083 0.077 0.068 0.060 0.052 0.047 
294 0.103 0.102 0.101 0.097 0.092 0.086 0.081 0.076 0.066 0.059 0.051 0.046 
295 0.100 0.099 0.099 0.095 0.090 0.084 0.079 0.074 0.065 0.057 0.049 0.045 
296 0.098 0.097 0.096 0.093 0.088 0.083 0.078 0.073 0.063 0.056 0.048 0.043 
297 0.096 0.095 0.094 0.091 0.086 0.081 0.076 0.071 0.062 0.054 0.047 0.042 
298 0.093 0.093 0.092 0.089 0.084 0.079 0.074 0.069 0.060 0.053 0.045 0.041 
299 0.091 0.090 0.090 0.087 0.083 0.077 0.073 0.068 0.059 0.051 0.044 0.040 
300 0.088 0.088 0.088 0.085 0.081 0.075 0.071 0.066 0.057 0.050 0.043 0.039 
301 0.086 0.086 0.085 0.083 0.079 0.074 0.069 0.065 0.056 0.049 0.042 0.038 
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302 0.083 0.083 0.083 0.081 0.077 0.072 0.068 0.063 0.054 0.047 0.040 0.037 
303 0.081 0.081 0.081 0.079 0.075 0.070 0.066 0.061 0.053 0.046 0.039 0.035 
304 0.079 0.079 0.079 0.077 0.073 0.068 0.064 0.060 0.051 0.045 0.038 0.034 
305 0.076 0.076 0.076 0.075 0.071 0.067 0.063 0.058 0.050 0.044 0.037 0.033 
306 0.074 0.074 0.074 0.073 0.069 0.065 0.061 0.057 0.049 0.042 0.036 0.032 
307 0.072 0.072 0.072 0.071 0.067 0.063 0.059 0.055 0.047 0.041 0.035 0.031 
308 0.069 0.070 0.070 0.069 0.065 0.061 0.058 0.053 0.046 0.040 0.034 0.030 
309 0.067 0.068 0.068 0.067 0.064 0.060 0.056 0.052 0.045 0.039 0.033 0.029 
310 0.065 0.066 0.066 0.065 0.062 0.058 0.054 0.051 0.043 0.038 0.032 0.029 
311 0.063 0.063 0.064 0.063 0.060 0.056 0.053 0.049 0.042 0.036 0.031 0.028 
312 0.060 0.061 0.062 0.061 0.058 0.055 0.051 0.048 0.041 0.035 0.030 0.027 
313 0.059 0.059 0.060 0.059 0.056 0.053 0.050 0.046 0.040 0.034 0.029 0.026 
314 0.056 0.057 0.058 0.057 0.055 0.051 0.048 0.045 0.038 0.033 0.028 0.025 
315 0.054 0.055 0.056 0.056 0.053 0.050 0.047 0.043 0.037 0.032 0.027 0.024 
316 0.053 0.054 0.054 0.054 0.052 0.048 0.045 0.042 0.036 0.031 0.026 0.023 
317 0.051 0.052 0.052 0.052 0.050 0.047 0.044 0.041 0.035 0.030 0.025 0.023 
318 0.049 0.050 0.051 0.051 0.048 0.045 0.043 0.040 0.034 0.029 0.025 0.022 
319 0.047 0.048 0.049 0.049 0.047 0.044 0.041 0.038 0.033 0.028 0.024 0.021 
320 0.046 0.047 0.047 0.047 0.045 0.043 0.040 0.037 0.032 0.027 0.023 0.021 
321 0.044 0.045 0.046 0.046 0.044 0.041 0.039 0.036 0.030 0.026 0.022 0.020 
322 0.042 0.043 0.044 0.044 0.042 0.040 0.037 0.035 0.030 0.025 0.022 0.019 
323 0.041 0.042 0.042 0.043 0.041 0.038 0.036 0.033 0.028 0.024 0.021 0.018 
324 0.039 0.040 0.041 0.041 0.039 0.037 0.035 0.032 0.027 0.023 0.020 0.018 
325 0.038 0.039 0.039 0.040 0.038 0.036 0.034 0.031 0.026 0.023 0.019 0.017 
326 0.036 0.037 0.038 0.038 0.037 0.035 0.032 0.030 0.025 0.022 0.019 0.017 
327 0.035 0.036 0.037 0.037 0.036 0.033 0.031 0.029 0.025 0.021 0.018 0.016 
328 0.033 0.035 0.035 0.036 0.034 0.032 0.030 0.028 0.024 0.021 0.017 0.015 
329 0.032 0.033 0.034 0.034 0.033 0.031 0.029 0.027 0.023 0.020 0.017 0.015 
330 0.031 0.032 0.033 0.033 0.032 0.030 0.028 0.026 0.022 0.019 0.016 0.014 
331 0.030 0.031 0.031 0.032 0.030 0.029 0.027 0.025 0.021 0.018 0.015 0.014 
332 0.029 0.030 0.030 0.031 0.030 0.028 0.026 0.024 0.021 0.018 0.015 0.013 
333 0.028 0.029 0.029 0.030 0.028 0.027 0.025 0.023 0.020 0.017 0.014 0.013 
334 0.026 0.028 0.028 0.028 0.027 0.026 0.024 0.022 0.019 0.016 0.013 0.012 
335 0.025 0.026 0.027 0.027 0.026 0.025 0.023 0.021 0.018 0.015 0.013 0.012 
336 0.024 0.025 0.026 0.026 0.025 0.024 0.022 0.021 0.018 0.015 0.013 0.011 
337 0.023 0.024 0.025 0.025 0.024 0.023 0.021 0.020 0.017 0.014 0.012 0.011 
338 0.022 0.023 0.024 0.024 0.023 0.022 0.020 0.019 0.016 0.014 0.011 0.010 
339 0.021 0.022 0.023 0.023 0.022 0.021 0.020 0.018 0.015 0.013 0.011 0.010 
340 0.020 0.021 0.022 0.022 0.021 0.020 0.019 0.017 0.015 0.013 0.011 0.010 
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Table A.2 Absorbance data over the range of 275 nm to 340 nm for an 
experiment at I = 0.1 and T = 25 °C.  The pH range was 3.95 – 2.19 and the iron 
concentration was 6.10 µmol/kg. 
 
λ/pH 3.95 3.83 3.72 3.38 3.11 2.92 2.81 2.70 2.53 2.39 2.25 2.19 
275 0.123 0.121 0.120 0.114 0.109 0.104 0.101 0.097 0.092 0.086 0.079 0.077 
276 0.124 0.121 0.121 0.115 0.109 0.104 0.100 0.097 0.091 0.085 0.078 0.075 
277 0.125 0.122 0.121 0.115 0.109 0.104 0.100 0.096 0.090 0.084 0.076 0.073 
278 0.125 0.122 0.121 0.115 0.109 0.103 0.099 0.095 0.089 0.082 0.074 0.071 
279 0.125 0.122 0.121 0.115 0.109 0.103 0.099 0.095 0.088 0.081 0.073 0.070 
280 0.125 0.122 0.121 0.115 0.109 0.103 0.098 0.094 0.087 0.079 0.071 0.068 
281 0.124 0.122 0.120 0.115 0.108 0.102 0.097 0.093 0.085 0.078 0.070 0.066 
282 0.123 0.121 0.120 0.114 0.107 0.101 0.096 0.092 0.084 0.076 0.068 0.064 
283 0.123 0.120 0.119 0.113 0.107 0.100 0.095 0.091 0.083 0.075 0.066 0.063 
284 0.122 0.120 0.118 0.113 0.106 0.099 0.094 0.090 0.081 0.073 0.065 0.061 
285 0.121 0.119 0.117 0.112 0.105 0.098 0.093 0.088 0.080 0.072 0.063 0.060 
286 0.119 0.117 0.116 0.110 0.103 0.097 0.092 0.087 0.079 0.070 0.062 0.058 
287 0.118 0.116 0.114 0.109 0.102 0.096 0.090 0.086 0.077 0.069 0.060 0.057 
288 0.116 0.114 0.113 0.108 0.101 0.094 0.089 0.084 0.076 0.068 0.059 0.055 
289 0.114 0.113 0.111 0.107 0.100 0.093 0.088 0.083 0.074 0.066 0.057 0.054 
290 0.112 0.111 0.109 0.105 0.098 0.091 0.086 0.081 0.073 0.065 0.056 0.052 
291 0.110 0.109 0.108 0.103 0.096 0.090 0.085 0.080 0.071 0.063 0.054 0.051 
292 0.108 0.107 0.106 0.102 0.095 0.088 0.083 0.078 0.070 0.062 0.053 0.049 
293 0.106 0.105 0.104 0.100 0.093 0.087 0.081 0.077 0.068 0.060 0.051 0.048 
294 0.104 0.103 0.102 0.098 0.092 0.085 0.080 0.075 0.067 0.059 0.050 0.047 
295 0.101 0.101 0.100 0.096 0.090 0.083 0.078 0.074 0.065 0.057 0.049 0.045 
296 0.099 0.098 0.097 0.094 0.088 0.082 0.077 0.072 0.064 0.056 0.047 0.044 
297 0.097 0.096 0.095 0.092 0.086 0.080 0.075 0.070 0.062 0.054 0.046 0.043 
298 0.094 0.094 0.093 0.090 0.084 0.078 0.073 0.069 0.061 0.053 0.045 0.042 
299 0.092 0.092 0.090 0.088 0.082 0.076 0.072 0.067 0.059 0.051 0.043 0.040 
300 0.089 0.089 0.088 0.086 0.080 0.074 0.070 0.066 0.058 0.050 0.042 0.039 
301 0.087 0.087 0.086 0.084 0.078 0.073 0.068 0.064 0.056 0.049 0.041 0.038 
302 0.085 0.085 0.084 0.082 0.077 0.071 0.066 0.062 0.055 0.048 0.040 0.037 
303 0.082 0.082 0.081 0.080 0.075 0.069 0.065 0.061 0.053 0.046 0.039 0.036 
304 0.080 0.080 0.079 0.077 0.073 0.067 0.063 0.059 0.052 0.045 0.037 0.035 
305 0.077 0.078 0.077 0.076 0.071 0.066 0.061 0.057 0.051 0.044 0.036 0.034 
306 0.075 0.075 0.075 0.073 0.069 0.064 0.060 0.056 0.049 0.042 0.035 0.033 
307 0.073 0.073 0.072 0.071 0.067 0.062 0.058 0.054 0.048 0.041 0.034 0.032 
308 0.070 0.071 0.070 0.069 0.065 0.060 0.056 0.053 0.046 0.040 0.033 0.031 
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309 0.068 0.069 0.068 0.067 0.063 0.059 0.055 0.051 0.045 0.039 0.032 0.030 
310 0.066 0.066 0.066 0.065 0.062 0.057 0.053 0.050 0.044 0.038 0.031 0.029 
311 0.064 0.064 0.064 0.063 0.060 0.055 0.052 0.048 0.042 0.036 0.030 0.028 
312 0.061 0.062 0.062 0.062 0.058 0.053 0.050 0.047 0.041 0.035 0.029 0.027 
313 0.059 0.060 0.060 0.060 0.056 0.052 0.049 0.045 0.040 0.034 0.028 0.026 
314 0.057 0.058 0.058 0.058 0.054 0.050 0.047 0.044 0.038 0.033 0.027 0.025 
315 0.055 0.056 0.056 0.056 0.053 0.049 0.046 0.043 0.037 0.032 0.026 0.024 
316 0.053 0.054 0.054 0.054 0.051 0.047 0.044 0.042 0.036 0.031 0.026 0.024 
317 0.052 0.053 0.052 0.053 0.050 0.046 0.043 0.040 0.035 0.030 0.025 0.023 
318 0.050 0.051 0.051 0.051 0.048 0.045 0.042 0.039 0.034 0.029 0.024 0.022 
319 0.048 0.049 0.049 0.049 0.046 0.043 0.040 0.038 0.033 0.028 0.023 0.021 
320 0.046 0.047 0.047 0.048 0.045 0.042 0.039 0.037 0.032 0.027 0.023 0.021 
321 0.044 0.045 0.045 0.046 0.044 0.040 0.038 0.035 0.031 0.026 0.022 0.020 
322 0.043 0.044 0.044 0.044 0.042 0.039 0.037 0.034 0.030 0.026 0.021 0.019 
323 0.041 0.042 0.042 0.043 0.041 0.038 0.035 0.033 0.029 0.025 0.020 0.019 
324 0.040 0.041 0.041 0.041 0.039 0.036 0.034 0.032 0.028 0.024 0.019 0.018 
325 0.038 0.039 0.039 0.040 0.038 0.035 0.033 0.031 0.027 0.023 0.019 0.017 
326 0.037 0.038 0.038 0.039 0.037 0.034 0.032 0.030 0.026 0.022 0.018 0.017 
327 0.035 0.036 0.036 0.037 0.035 0.033 0.031 0.029 0.025 0.021 0.018 0.016 
328 0.034 0.035 0.035 0.036 0.034 0.032 0.030 0.028 0.024 0.021 0.017 0.016 
329 0.033 0.034 0.034 0.035 0.033 0.031 0.029 0.027 0.024 0.020 0.017 0.015 
330 0.031 0.032 0.033 0.033 0.032 0.029 0.028 0.026 0.023 0.019 0.016 0.015 
331 0.030 0.031 0.031 0.032 0.030 0.028 0.027 0.025 0.022 0.018 0.015 0.014 
332 0.029 0.030 0.030 0.031 0.029 0.027 0.026 0.024 0.021 0.018 0.015 0.014 
333 0.028 0.029 0.029 0.030 0.028 0.026 0.025 0.023 0.020 0.017 0.014 0.013 
334 0.027 0.028 0.028 0.029 0.027 0.025 0.024 0.022 0.019 0.017 0.014 0.013 
335 0.026 0.027 0.027 0.028 0.026 0.024 0.023 0.022 0.019 0.016 0.013 0.012 
336 0.025 0.025 0.026 0.026 0.025 0.023 0.022 0.021 0.018 0.015 0.013 0.012 
337 0.024 0.024 0.024 0.025 0.024 0.022 0.021 0.020 0.017 0.015 0.012 0.011 
338 0.023 0.023 0.024 0.024 0.023 0.021 0.020 0.019 0.017 0.014 0.012 0.011 
339 0.022 0.022 0.023 0.023 0.022 0.021 0.019 0.018 0.016 0.013 0.011 0.010 
340 0.021 0.022 0.022 0.023 0.021 0.020 0.019 0.018 0.015 0.013 0.011 0.010 
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Table A.3 Absorbance data over the range of 275 nm to 340 nm for an 
experiment at I = 0.3 and T = 25 °C.  The pH range was 3.98 – 2.19 and the iron 
concentration was 6.27 µmol/kg. 
 
λ/pH 3.98 3.84 3.72 3.42 3.14 2.96 2.83 2.71 2.56 2.40 2.25 2.19 
275 0.126 0.123 0.123 0.117 0.110 0.105 0.102 0.098 0.093 0.087 0.081 0.078 
276 0.127 0.124 0.123 0.117 0.110 0.105 0.101 0.098 0.092 0.086 0.079 0.076 
277 0.127 0.124 0.123 0.117 0.110 0.105 0.101 0.097 0.090 0.084 0.077 0.074 
278 0.128 0.124 0.123 0.117 0.110 0.104 0.100 0.096 0.089 0.082 0.075 0.072 
279 0.127 0.124 0.123 0.117 0.109 0.104 0.099 0.095 0.088 0.080 0.073 0.070 
280 0.127 0.124 0.123 0.117 0.109 0.103 0.098 0.094 0.087 0.079 0.072 0.068 
281 0.127 0.124 0.122 0.116 0.108 0.102 0.097 0.093 0.085 0.077 0.070 0.066 
282 0.126 0.123 0.122 0.116 0.108 0.102 0.097 0.091 0.084 0.076 0.068 0.065 
283 0.125 0.122 0.121 0.115 0.107 0.100 0.095 0.090 0.082 0.074 0.066 0.063 
284 0.124 0.121 0.120 0.114 0.106 0.099 0.094 0.089 0.081 0.072 0.064 0.061 
285 0.123 0.120 0.119 0.113 0.105 0.098 0.093 0.087 0.079 0.071 0.063 0.059 
286 0.122 0.119 0.118 0.112 0.104 0.097 0.091 0.086 0.078 0.069 0.061 0.058 
287 0.120 0.118 0.116 0.110 0.102 0.096 0.090 0.085 0.076 0.068 0.060 0.056 
288 0.118 0.116 0.115 0.109 0.101 0.094 0.089 0.083 0.075 0.066 0.058 0.054 
289 0.116 0.115 0.113 0.107 0.099 0.093 0.087 0.081 0.073 0.064 0.056 0.053 
290 0.115 0.113 0.111 0.106 0.098 0.091 0.086 0.080 0.072 0.063 0.055 0.051 
291 0.113 0.111 0.109 0.104 0.096 0.090 0.084 0.078 0.070 0.061 0.053 0.050 
292 0.110 0.109 0.107 0.102 0.094 0.088 0.082 0.077 0.068 0.059 0.051 0.048 
293 0.108 0.107 0.105 0.100 0.093 0.086 0.081 0.075 0.067 0.058 0.050 0.046 
294 0.106 0.105 0.103 0.098 0.091 0.084 0.079 0.073 0.065 0.056 0.048 0.045 
295 0.104 0.102 0.101 0.097 0.089 0.083 0.077 0.072 0.064 0.055 0.047 0.044 
296 0.101 0.100 0.099 0.095 0.087 0.081 0.076 0.070 0.062 0.053 0.046 0.043 
297 0.099 0.098 0.096 0.092 0.085 0.079 0.074 0.068 0.060 0.052 0.044 0.041 
298 0.096 0.096 0.094 0.090 0.083 0.077 0.072 0.067 0.059 0.050 0.043 0.040 
299 0.094 0.093 0.092 0.088 0.081 0.075 0.070 0.065 0.057 0.049 0.042 0.038 
300 0.091 0.091 0.089 0.086 0.079 0.074 0.068 0.063 0.056 0.047 0.040 0.037 
301 0.089 0.088 0.087 0.084 0.077 0.072 0.067 0.062 0.054 0.046 0.039 0.036 
302 0.086 0.086 0.085 0.082 0.075 0.070 0.065 0.060 0.053 0.045 0.038 0.035 
303 0.084 0.084 0.082 0.080 0.073 0.068 0.063 0.058 0.051 0.043 0.036 0.034 
304 0.081 0.081 0.080 0.077 0.072 0.066 0.062 0.057 0.050 0.042 0.035 0.033 
305 0.079 0.079 0.078 0.075 0.070 0.065 0.060 0.055 0.048 0.041 0.034 0.032 
306 0.077 0.077 0.076 0.074 0.068 0.063 0.058 0.054 0.047 0.040 0.033 0.031 
307 0.074 0.075 0.073 0.071 0.066 0.061 0.057 0.052 0.046 0.038 0.032 0.030 
308 0.072 0.072 0.071 0.069 0.064 0.059 0.055 0.051 0.044 0.037 0.031 0.028 
 116 
 
309 0.069 0.070 0.069 0.067 0.062 0.058 0.053 0.049 0.043 0.036 0.030 0.027 
310 0.067 0.068 0.067 0.065 0.060 0.056 0.052 0.048 0.042 0.035 0.029 0.027 
311 0.065 0.066 0.065 0.063 0.059 0.054 0.050 0.046 0.040 0.034 0.028 0.026 
312 0.063 0.063 0.063 0.061 0.057 0.053 0.049 0.045 0.039 0.033 0.027 0.025 
313 0.061 0.061 0.061 0.059 0.055 0.051 0.047 0.043 0.038 0.031 0.026 0.024 
314 0.059 0.059 0.059 0.058 0.053 0.049 0.046 0.042 0.037 0.031 0.025 0.023 
315 0.057 0.057 0.057 0.056 0.052 0.048 0.045 0.041 0.036 0.030 0.025 0.022 
316 0.055 0.056 0.055 0.054 0.050 0.046 0.043 0.040 0.034 0.029 0.024 0.022 
317 0.053 0.054 0.053 0.052 0.049 0.045 0.042 0.038 0.033 0.028 0.023 0.021 
318 0.051 0.052 0.051 0.051 0.047 0.043 0.040 0.037 0.032 0.027 0.022 0.020 
319 0.049 0.050 0.049 0.049 0.046 0.042 0.039 0.036 0.031 0.026 0.021 0.020 
320 0.047 0.048 0.048 0.047 0.044 0.041 0.038 0.035 0.030 0.025 0.020 0.019 
321 0.046 0.047 0.046 0.046 0.043 0.039 0.037 0.034 0.029 0.024 0.020 0.018 
322 0.044 0.045 0.044 0.044 0.041 0.038 0.035 0.032 0.028 0.023 0.019 0.017 
323 0.042 0.043 0.043 0.043 0.040 0.037 0.034 0.031 0.027 0.022 0.018 0.017 
324 0.041 0.042 0.041 0.041 0.038 0.036 0.033 0.030 0.026 0.022 0.018 0.016 
325 0.039 0.040 0.040 0.040 0.037 0.034 0.032 0.029 0.025 0.021 0.017 0.016 
326 0.038 0.039 0.038 0.038 0.036 0.033 0.031 0.028 0.024 0.020 0.017 0.015 
327 0.036 0.037 0.037 0.037 0.034 0.032 0.030 0.027 0.023 0.019 0.016 0.014 
328 0.035 0.036 0.036 0.036 0.033 0.031 0.029 0.026 0.023 0.019 0.015 0.014 
329 0.033 0.035 0.034 0.034 0.032 0.030 0.028 0.025 0.022 0.018 0.015 0.013 
330 0.032 0.033 0.033 0.033 0.031 0.029 0.027 0.024 0.021 0.017 0.014 0.013 
331 0.031 0.032 0.032 0.032 0.030 0.028 0.026 0.023 0.020 0.017 0.014 0.012 
332 0.030 0.031 0.030 0.031 0.029 0.026 0.025 0.022 0.019 0.016 0.013 0.012 
333 0.028 0.029 0.029 0.029 0.027 0.025 0.024 0.022 0.019 0.015 0.012 0.011 
334 0.027 0.028 0.028 0.028 0.026 0.025 0.023 0.021 0.018 0.015 0.012 0.011 
335 0.026 0.027 0.027 0.027 0.025 0.024 0.022 0.020 0.017 0.014 0.011 0.011 
336 0.025 0.026 0.026 0.026 0.024 0.023 0.021 0.019 0.017 0.014 0.011 0.010 
337 0.024 0.025 0.025 0.025 0.023 0.022 0.020 0.018 0.016 0.013 0.011 0.010 
338 0.023 0.024 0.024 0.024 0.022 0.021 0.019 0.018 0.015 0.012 0.010 0.009 
339 0.022 0.023 0.023 0.023 0.021 0.020 0.018 0.017 0.015 0.012 0.010 0.009 
340 0.021 0.022 0.022 0.022 0.021 0.019 0.018 0.016 0.014 0.012 0.009 0.009 
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Table A.4 Absorbance data over the range of 275 nm to 340 nm for an 
experiment at I = 0.3 and T = 25 °C.  The pH range was 3.96 – 2.17 and the iron 
concentration was 5.99 µmol/kg. 
 
λ/pH 3.96 3.74 3.62 3.42 3.10 2.98 2.82 2.71 2.54 2.36 2.24 2.17 
275 0.123 0.117 0.117 0.113 0.106 0.102 0.098 0.095 0.089 0.082 0.077 0.073 
276 0.123 0.118 0.117 0.113 0.106 0.102 0.097 0.094 0.088 0.081 0.076 0.071 
277 0.123 0.118 0.117 0.113 0.106 0.102 0.096 0.093 0.086 0.079 0.074 0.069 
278 0.123 0.118 0.117 0.113 0.105 0.101 0.095 0.091 0.085 0.077 0.071 0.066 
279 0.123 0.118 0.117 0.113 0.105 0.101 0.095 0.090 0.083 0.075 0.070 0.065 
280 0.123 0.118 0.117 0.113 0.105 0.100 0.094 0.090 0.082 0.074 0.068 0.063 
281 0.123 0.118 0.117 0.112 0.104 0.099 0.093 0.088 0.081 0.072 0.066 0.061 
282 0.122 0.117 0.116 0.112 0.103 0.098 0.092 0.087 0.079 0.070 0.064 0.059 
283 0.121 0.117 0.115 0.111 0.102 0.097 0.091 0.086 0.078 0.069 0.063 0.057 
284 0.120 0.116 0.114 0.110 0.101 0.096 0.089 0.085 0.077 0.067 0.061 0.056 
285 0.119 0.115 0.113 0.109 0.100 0.095 0.088 0.083 0.075 0.066 0.059 0.054 
286 0.118 0.114 0.112 0.108 0.099 0.094 0.087 0.082 0.073 0.064 0.058 0.053 
287 0.116 0.113 0.111 0.107 0.098 0.093 0.085 0.080 0.072 0.062 0.056 0.051 
288 0.115 0.111 0.109 0.105 0.096 0.091 0.084 0.079 0.070 0.061 0.054 0.049 
289 0.113 0.109 0.107 0.104 0.095 0.090 0.082 0.077 0.069 0.059 0.053 0.048 
290 0.111 0.108 0.106 0.102 0.093 0.088 0.081 0.076 0.068 0.058 0.052 0.047 
291 0.109 0.106 0.104 0.101 0.092 0.087 0.080 0.074 0.066 0.056 0.050 0.045 
292 0.107 0.104 0.102 0.098 0.090 0.085 0.078 0.073 0.064 0.054 0.048 0.044 
293 0.105 0.102 0.100 0.097 0.088 0.084 0.076 0.071 0.063 0.053 0.047 0.042 
294 0.103 0.100 0.098 0.095 0.087 0.082 0.075 0.070 0.061 0.052 0.046 0.041 
295 0.101 0.098 0.096 0.093 0.085 0.080 0.073 0.068 0.060 0.050 0.044 0.040 
296 0.098 0.096 0.094 0.091 0.083 0.078 0.071 0.067 0.058 0.049 0.043 0.038 
297 0.096 0.094 0.092 0.089 0.081 0.077 0.070 0.065 0.057 0.047 0.042 0.037 
298 0.093 0.092 0.090 0.087 0.079 0.075 0.068 0.063 0.055 0.046 0.040 0.036 
299 0.091 0.090 0.088 0.085 0.078 0.073 0.066 0.062 0.054 0.045 0.039 0.035 
300 0.089 0.087 0.086 0.083 0.076 0.071 0.065 0.060 0.052 0.043 0.038 0.034 
301 0.086 0.085 0.083 0.081 0.074 0.070 0.063 0.059 0.051 0.042 0.037 0.033 
302 0.084 0.083 0.081 0.079 0.072 0.068 0.061 0.057 0.049 0.041 0.036 0.032 
303 0.081 0.081 0.079 0.077 0.070 0.066 0.060 0.056 0.048 0.040 0.034 0.031 
304 0.079 0.079 0.077 0.075 0.068 0.064 0.058 0.054 0.047 0.038 0.033 0.029 
305 0.077 0.076 0.075 0.073 0.067 0.062 0.057 0.053 0.045 0.037 0.032 0.029 
306 0.074 0.074 0.073 0.071 0.065 0.061 0.055 0.051 0.044 0.036 0.031 0.028 
307 0.072 0.072 0.070 0.069 0.063 0.059 0.054 0.050 0.043 0.035 0.030 0.027 
308 0.070 0.070 0.068 0.067 0.061 0.058 0.052 0.048 0.041 0.034 0.029 0.026 
 118 
 
309 0.068 0.068 0.066 0.065 0.059 0.056 0.050 0.047 0.040 0.033 0.028 0.025 
310 0.065 0.066 0.064 0.063 0.058 0.054 0.049 0.045 0.039 0.032 0.028 0.024 
311 0.063 0.064 0.062 0.061 0.056 0.053 0.047 0.044 0.038 0.031 0.027 0.023 
312 0.061 0.062 0.060 0.059 0.054 0.051 0.046 0.043 0.036 0.030 0.026 0.022 
313 0.059 0.060 0.058 0.057 0.053 0.050 0.045 0.041 0.035 0.029 0.025 0.022 
314 0.057 0.058 0.057 0.056 0.051 0.048 0.043 0.040 0.034 0.028 0.024 0.021 
315 0.055 0.056 0.055 0.054 0.049 0.046 0.042 0.039 0.033 0.027 0.023 0.020 
316 0.053 0.054 0.053 0.052 0.048 0.045 0.041 0.038 0.032 0.026 0.022 0.020 
317 0.051 0.052 0.051 0.050 0.046 0.044 0.039 0.036 0.031 0.025 0.022 0.019 
318 0.050 0.051 0.049 0.049 0.045 0.042 0.038 0.035 0.030 0.024 0.021 0.018 
319 0.048 0.049 0.048 0.047 0.043 0.041 0.037 0.034 0.029 0.024 0.020 0.018 
320 0.046 0.047 0.046 0.046 0.042 0.039 0.036 0.033 0.028 0.023 0.020 0.017 
321 0.044 0.046 0.045 0.044 0.041 0.038 0.035 0.032 0.027 0.022 0.019 0.017 
322 0.043 0.044 0.043 0.043 0.039 0.037 0.033 0.031 0.026 0.021 0.018 0.016 
323 0.041 0.042 0.041 0.041 0.038 0.036 0.032 0.030 0.025 0.020 0.018 0.015 
324 0.040 0.041 0.040 0.040 0.037 0.034 0.031 0.029 0.025 0.020 0.017 0.015 
325 0.038 0.039 0.039 0.038 0.035 0.033 0.030 0.028 0.024 0.019 0.016 0.014 
326 0.037 0.038 0.037 0.037 0.034 0.032 0.029 0.027 0.023 0.018 0.016 0.014 
327 0.035 0.037 0.036 0.035 0.033 0.031 0.028 0.026 0.022 0.017 0.015 0.013 
328 0.034 0.035 0.034 0.034 0.032 0.030 0.027 0.025 0.021 0.017 0.015 0.013 
329 0.033 0.034 0.033 0.033 0.031 0.029 0.026 0.024 0.021 0.016 0.014 0.012 
330 0.031 0.033 0.032 0.032 0.029 0.028 0.025 0.023 0.020 0.016 0.014 0.012 
331 0.030 0.031 0.031 0.031 0.028 0.027 0.024 0.022 0.019 0.015 0.013 0.011 
332 0.029 0.030 0.029 0.029 0.027 0.026 0.023 0.021 0.018 0.014 0.012 0.011 
333 0.028 0.029 0.028 0.028 0.026 0.025 0.022 0.021 0.017 0.014 0.012 0.010 
334 0.027 0.028 0.027 0.027 0.025 0.024 0.021 0.020 0.017 0.013 0.011 0.010 
335 0.026 0.027 0.026 0.026 0.024 0.023 0.020 0.019 0.016 0.013 0.011 0.010 
336 0.024 0.026 0.025 0.025 0.023 0.022 0.020 0.018 0.015 0.012 0.011 0.009 
337 0.023 0.025 0.024 0.024 0.022 0.021 0.019 0.018 0.015 0.012 0.010 0.009 
338 0.023 0.024 0.023 0.023 0.021 0.020 0.018 0.017 0.014 0.011 0.010 0.008 
339 0.022 0.023 0.022 0.022 0.020 0.019 0.017 0.016 0.014 0.011 0.009 0.008 
340 0.021 0.022 0.021 0.021 0.020 0.018 0.017 0.015 0.013 0.010 0.009 0.008 
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Table A.5 Absorbance data over the range of 275 nm to 340 nm for an 
experiment at I = 0.7 and T = 25 °C.  The pH range was 3.96 – 2.23 and the iron 
concentration was 6.37 µmol/kg. 
 
λ/pH 3.96 3.77 3.60 3.44 3.18 3.00 2.87 2.79 2.62 2.48 2.33 2.23 
275 0.131 0.126 0.121 0.118 0.112 0.107 0.104 0.099 0.093 0.086 0.078 0.074 
276 0.131 0.126 0.121 0.118 0.112 0.106 0.103 0.098 0.091 0.084 0.076 0.072 
277 0.131 0.125 0.121 0.118 0.111 0.106 0.102 0.097 0.090 0.082 0.073 0.069 
278 0.130 0.125 0.121 0.117 0.111 0.105 0.100 0.095 0.088 0.080 0.071 0.067 
279 0.130 0.124 0.120 0.117 0.110 0.104 0.099 0.094 0.086 0.078 0.069 0.065 
280 0.129 0.124 0.119 0.116 0.109 0.103 0.098 0.093 0.085 0.076 0.067 0.063 
281 0.128 0.123 0.119 0.115 0.108 0.102 0.097 0.091 0.083 0.074 0.065 0.060 
282 0.127 0.122 0.118 0.114 0.107 0.100 0.095 0.090 0.081 0.073 0.063 0.058 
283 0.126 0.120 0.117 0.113 0.106 0.099 0.094 0.088 0.080 0.071 0.061 0.056 
284 0.124 0.119 0.115 0.112 0.104 0.098 0.093 0.087 0.078 0.069 0.059 0.054 
285 0.123 0.117 0.114 0.111 0.103 0.096 0.091 0.085 0.076 0.067 0.057 0.053 
286 0.121 0.116 0.112 0.109 0.102 0.095 0.089 0.084 0.074 0.065 0.055 0.051 
287 0.119 0.114 0.111 0.107 0.100 0.093 0.088 0.082 0.072 0.063 0.053 0.049 
288 0.117 0.112 0.109 0.106 0.098 0.091 0.086 0.080 0.071 0.062 0.051 0.047 
289 0.115 0.110 0.107 0.104 0.097 0.090 0.084 0.078 0.069 0.060 0.050 0.045 
290 0.113 0.108 0.105 0.102 0.095 0.088 0.083 0.077 0.067 0.058 0.048 0.044 
291 0.110 0.106 0.103 0.100 0.093 0.086 0.081 0.075 0.066 0.057 0.046 0.042 
292 0.108 0.104 0.101 0.098 0.091 0.084 0.079 0.073 0.064 0.055 0.045 0.041 
293 0.106 0.101 0.099 0.096 0.089 0.083 0.077 0.072 0.062 0.053 0.043 0.039 
294 0.103 0.099 0.097 0.094 0.087 0.081 0.075 0.070 0.061 0.052 0.042 0.038 
295 0.101 0.097 0.094 0.092 0.085 0.079 0.074 0.068 0.059 0.050 0.040 0.036 
296 0.098 0.094 0.092 0.090 0.083 0.077 0.072 0.066 0.057 0.049 0.039 0.035 
297 0.095 0.092 0.090 0.088 0.081 0.075 0.070 0.065 0.056 0.047 0.038 0.034 
298 0.093 0.089 0.088 0.086 0.079 0.073 0.068 0.063 0.054 0.046 0.036 0.033 
299 0.090 0.087 0.085 0.083 0.077 0.071 0.066 0.061 0.052 0.044 0.035 0.031 
300 0.087 0.085 0.083 0.081 0.075 0.069 0.065 0.059 0.051 0.043 0.034 0.030 
301 0.085 0.082 0.081 0.079 0.074 0.068 0.063 0.058 0.050 0.042 0.033 0.029 
302 0.082 0.080 0.078 0.077 0.071 0.066 0.061 0.056 0.048 0.040 0.031 0.028 
303 0.080 0.077 0.076 0.075 0.069 0.064 0.060 0.055 0.047 0.039 0.030 0.027 
304 0.077 0.075 0.074 0.073 0.068 0.062 0.058 0.053 0.045 0.038 0.029 0.026 
305 0.075 0.073 0.072 0.070 0.066 0.060 0.056 0.052 0.044 0.037 0.028 0.025 
306 0.072 0.071 0.070 0.068 0.064 0.059 0.054 0.050 0.043 0.035 0.027 0.024 
307 0.070 0.068 0.068 0.066 0.062 0.057 0.053 0.048 0.041 0.034 0.026 0.023 
308 0.068 0.066 0.065 0.064 0.060 0.055 0.051 0.047 0.040 0.033 0.025 0.022 
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309 0.065 0.064 0.063 0.062 0.058 0.054 0.050 0.046 0.039 0.032 0.024 0.022 
310 0.063 0.062 0.061 0.060 0.056 0.052 0.048 0.044 0.037 0.031 0.024 0.021 
311 0.061 0.060 0.059 0.058 0.055 0.050 0.047 0.043 0.036 0.030 0.023 0.020 
312 0.059 0.058 0.058 0.057 0.053 0.049 0.045 0.041 0.035 0.029 0.022 0.019 
313 0.057 0.056 0.056 0.055 0.051 0.047 0.044 0.040 0.034 0.028 0.021 0.019 
314 0.055 0.054 0.054 0.053 0.049 0.046 0.042 0.039 0.033 0.027 0.020 0.018 
315 0.053 0.052 0.052 0.051 0.048 0.044 0.041 0.037 0.032 0.026 0.020 0.017 
316 0.051 0.050 0.050 0.050 0.047 0.043 0.040 0.036 0.031 0.025 0.019 0.017 
317 0.049 0.049 0.048 0.048 0.045 0.041 0.038 0.035 0.030 0.024 0.018 0.016 
318 0.047 0.047 0.047 0.046 0.043 0.040 0.037 0.034 0.029 0.024 0.018 0.016 
319 0.045 0.045 0.045 0.045 0.042 0.039 0.036 0.033 0.028 0.023 0.017 0.015 
320 0.044 0.044 0.044 0.043 0.041 0.038 0.035 0.032 0.027 0.022 0.016 0.014 
321 0.042 0.042 0.042 0.042 0.039 0.036 0.034 0.031 0.026 0.021 0.016 0.014 
322 0.040 0.041 0.041 0.040 0.038 0.035 0.033 0.030 0.025 0.021 0.015 0.014 
323 0.039 0.039 0.039 0.039 0.037 0.034 0.031 0.029 0.024 0.020 0.015 0.013 
324 0.037 0.038 0.038 0.038 0.035 0.033 0.031 0.028 0.023 0.019 0.014 0.013 
325 0.036 0.036 0.036 0.036 0.034 0.032 0.029 0.027 0.023 0.019 0.014 0.012 
326 0.035 0.035 0.035 0.035 0.033 0.030 0.028 0.026 0.022 0.018 0.013 0.012 
327 0.033 0.034 0.034 0.034 0.032 0.029 0.028 0.025 0.021 0.017 0.013 0.011 
328 0.032 0.032 0.033 0.033 0.031 0.029 0.027 0.024 0.021 0.017 0.012 0.011 
329 0.031 0.031 0.031 0.031 0.030 0.028 0.026 0.023 0.020 0.016 0.012 0.011 
330 0.029 0.030 0.030 0.030 0.028 0.026 0.025 0.022 0.019 0.015 0.012 0.010 
331 0.028 0.029 0.029 0.029 0.027 0.025 0.024 0.021 0.018 0.015 0.011 0.010 
332 0.027 0.028 0.028 0.028 0.026 0.025 0.023 0.021 0.018 0.014 0.011 0.009 
333 0.026 0.027 0.027 0.027 0.025 0.024 0.022 0.020 0.017 0.014 0.010 0.009 
334 0.025 0.025 0.026 0.026 0.024 0.023 0.021 0.019 0.016 0.013 0.010 0.009 
335 0.024 0.025 0.025 0.025 0.023 0.022 0.020 0.019 0.016 0.013 0.010 0.008 
336 0.023 0.024 0.024 0.024 0.022 0.021 0.020 0.018 0.015 0.012 0.009 0.008 
337 0.022 0.022 0.023 0.023 0.022 0.020 0.019 0.017 0.015 0.012 0.009 0.008 
338 0.021 0.022 0.022 0.022 0.021 0.019 0.018 0.016 0.014 0.012 0.009 0.008 
339 0.020 0.021 0.021 0.021 0.020 0.019 0.018 0.016 0.014 0.011 0.008 0.007 
340 0.019 0.020 0.020 0.020 0.019 0.018 0.017 0.015 0.013 0.011 0.008 0.007 
 
  
 121 
 
Table A.6 Absorbance data over the range of 275 nm to 340 nm for an 
experiment at I = 0.7 and T = 25 °C.  The pH range was 4.01 – 2.21 and the iron 
concentration was 6.28 µmol/kg. 
 
λ/pH 4.01 3.82 3.65 3.43 3.12 2.95 2.83 2.73 2.58 2.45 2.30 2.21 
275 0.131 0.126 0.121 0.118 0.112 0.107 0.104 0.099 0.093 0.086 0.078 0.074 
276 0.131 0.126 0.121 0.118 0.112 0.106 0.103 0.098 0.091 0.084 0.075 0.071 
277 0.131 0.125 0.121 0.118 0.111 0.106 0.102 0.097 0.090 0.082 0.073 0.069 
278 0.130 0.125 0.121 0.117 0.111 0.105 0.100 0.095 0.088 0.080 0.071 0.067 
279 0.130 0.124 0.120 0.117 0.110 0.104 0.099 0.094 0.086 0.078 0.069 0.064 
280 0.129 0.124 0.119 0.116 0.109 0.103 0.098 0.093 0.085 0.076 0.067 0.062 
281 0.128 0.123 0.119 0.115 0.108 0.101 0.097 0.091 0.083 0.074 0.065 0.060 
282 0.127 0.122 0.118 0.114 0.107 0.100 0.095 0.090 0.081 0.073 0.063 0.058 
283 0.126 0.120 0.117 0.113 0.106 0.099 0.094 0.088 0.080 0.071 0.061 0.056 
284 0.124 0.119 0.115 0.112 0.104 0.098 0.092 0.087 0.078 0.069 0.059 0.054 
285 0.123 0.117 0.114 0.111 0.103 0.096 0.091 0.085 0.076 0.067 0.057 0.053 
286 0.121 0.116 0.112 0.109 0.102 0.095 0.089 0.084 0.074 0.065 0.055 0.051 
287 0.119 0.114 0.111 0.107 0.100 0.093 0.088 0.082 0.072 0.063 0.053 0.049 
288 0.117 0.112 0.109 0.106 0.098 0.091 0.086 0.080 0.071 0.062 0.051 0.047 
289 0.115 0.110 0.107 0.104 0.097 0.090 0.084 0.078 0.069 0.060 0.050 0.045 
290 0.113 0.108 0.105 0.102 0.095 0.088 0.082 0.077 0.067 0.058 0.048 0.044 
291 0.110 0.106 0.103 0.100 0.093 0.086 0.081 0.075 0.066 0.057 0.046 0.042 
292 0.108 0.104 0.101 0.098 0.091 0.084 0.079 0.073 0.064 0.055 0.045 0.041 
293 0.106 0.101 0.099 0.096 0.089 0.082 0.077 0.072 0.062 0.053 0.043 0.039 
294 0.103 0.099 0.097 0.094 0.087 0.081 0.075 0.070 0.061 0.052 0.042 0.038 
295 0.101 0.097 0.094 0.092 0.085 0.079 0.073 0.068 0.059 0.050 0.040 0.036 
296 0.098 0.094 0.092 0.090 0.083 0.077 0.072 0.066 0.057 0.049 0.039 0.035 
297 0.095 0.092 0.090 0.088 0.081 0.075 0.070 0.065 0.056 0.047 0.038 0.034 
298 0.093 0.089 0.088 0.086 0.079 0.073 0.068 0.063 0.054 0.046 0.036 0.033 
299 0.090 0.087 0.085 0.083 0.077 0.071 0.066 0.061 0.052 0.044 0.035 0.031 
300 0.087 0.085 0.083 0.081 0.075 0.069 0.064 0.059 0.051 0.043 0.034 0.030 
301 0.085 0.082 0.081 0.079 0.073 0.068 0.063 0.058 0.050 0.042 0.033 0.029 
302 0.082 0.080 0.078 0.077 0.071 0.066 0.061 0.056 0.048 0.040 0.032 0.028 
303 0.080 0.078 0.076 0.075 0.069 0.064 0.059 0.055 0.047 0.039 0.030 0.027 
304 0.077 0.075 0.074 0.073 0.067 0.062 0.058 0.053 0.045 0.038 0.029 0.026 
305 0.075 0.073 0.072 0.070 0.066 0.060 0.056 0.052 0.044 0.037 0.028 0.025 
306 0.072 0.071 0.070 0.068 0.064 0.058 0.054 0.050 0.042 0.035 0.027 0.024 
307 0.070 0.068 0.068 0.066 0.062 0.057 0.053 0.048 0.041 0.034 0.026 0.023 
308 0.068 0.066 0.065 0.064 0.060 0.055 0.051 0.047 0.040 0.033 0.025 0.022 
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309 0.065 0.064 0.063 0.062 0.058 0.054 0.050 0.046 0.039 0.032 0.025 0.022 
310 0.063 0.062 0.061 0.060 0.056 0.052 0.048 0.044 0.037 0.031 0.024 0.021 
311 0.061 0.060 0.059 0.058 0.055 0.050 0.047 0.043 0.036 0.030 0.023 0.020 
312 0.059 0.058 0.058 0.057 0.053 0.049 0.045 0.041 0.035 0.029 0.022 0.019 
313 0.057 0.056 0.056 0.055 0.051 0.047 0.044 0.040 0.034 0.028 0.021 0.019 
314 0.055 0.054 0.054 0.053 0.049 0.046 0.042 0.039 0.033 0.027 0.020 0.018 
315 0.053 0.052 0.052 0.051 0.048 0.044 0.041 0.037 0.032 0.026 0.020 0.017 
316 0.051 0.050 0.050 0.050 0.047 0.043 0.040 0.036 0.031 0.025 0.019 0.017 
317 0.049 0.049 0.049 0.048 0.045 0.041 0.038 0.035 0.030 0.024 0.018 0.016 
318 0.047 0.047 0.047 0.046 0.043 0.040 0.037 0.034 0.029 0.024 0.018 0.016 
319 0.045 0.045 0.045 0.045 0.042 0.039 0.036 0.033 0.028 0.023 0.017 0.015 
320 0.044 0.044 0.044 0.043 0.041 0.038 0.035 0.032 0.027 0.022 0.017 0.015 
321 0.042 0.042 0.042 0.042 0.039 0.036 0.034 0.031 0.026 0.021 0.016 0.014 
322 0.040 0.041 0.041 0.040 0.038 0.035 0.033 0.030 0.025 0.021 0.015 0.014 
323 0.039 0.039 0.039 0.039 0.037 0.034 0.031 0.029 0.024 0.020 0.015 0.013 
324 0.037 0.038 0.038 0.038 0.035 0.033 0.030 0.028 0.023 0.019 0.014 0.013 
325 0.036 0.036 0.036 0.036 0.034 0.031 0.029 0.027 0.023 0.019 0.014 0.012 
326 0.035 0.035 0.035 0.035 0.033 0.030 0.028 0.026 0.022 0.018 0.013 0.012 
327 0.033 0.034 0.034 0.034 0.032 0.029 0.027 0.025 0.021 0.017 0.013 0.011 
328 0.032 0.032 0.033 0.033 0.031 0.029 0.027 0.024 0.021 0.017 0.012 0.011 
329 0.031 0.031 0.032 0.031 0.030 0.027 0.026 0.023 0.020 0.016 0.012 0.011 
330 0.029 0.030 0.030 0.030 0.028 0.026 0.024 0.022 0.019 0.015 0.012 0.010 
331 0.028 0.029 0.029 0.029 0.027 0.025 0.024 0.021 0.018 0.015 0.011 0.010 
332 0.027 0.028 0.028 0.028 0.026 0.025 0.023 0.021 0.018 0.014 0.011 0.010 
333 0.026 0.027 0.027 0.027 0.025 0.024 0.022 0.020 0.017 0.014 0.010 0.009 
334 0.025 0.025 0.026 0.026 0.024 0.023 0.021 0.019 0.016 0.013 0.010 0.009 
335 0.024 0.025 0.025 0.025 0.023 0.022 0.020 0.018 0.016 0.013 0.010 0.008 
336 0.023 0.024 0.024 0.024 0.022 0.021 0.019 0.018 0.015 0.012 0.009 0.008 
337 0.022 0.022 0.023 0.023 0.022 0.020 0.019 0.017 0.015 0.012 0.009 0.008 
338 0.021 0.022 0.022 0.022 0.021 0.019 0.018 0.016 0.014 0.012 0.009 0.008 
339 0.020 0.021 0.021 0.021 0.020 0.019 0.018 0.016 0.014 0.011 0.008 0.007 
340 0.019 0.020 0.020 0.020 0.019 0.018 0.017 0.015 0.013 0.011 0.008 0.007 
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